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PREFACE TO THE THIRD EDITION 


The aim in writing this text was to place before the students the fundamental 
principles of the subject with clarity and simplicity and yet in a sound and thorough 
manner. The same objective was kept in mind in subsequent editions too. In 
this edition, some major changes in the deduction of a number of formulae have 
been introduced in several chapters. A number of new problems to illustrate 
more clearly some physico-chemical phenomena in their application have been 
added. Physical Chemistry is not merely a collection of physical constants or a 
catalogue of derived mathematical formulations. Its main purpose is to interpret 
the nature of material changes in both qualitative and quantitative manner with 
o the molecules and their structure. As before, efforts have been 
made to explain the physical meaning of the mathematical formulae with apt 
examples of their application so that the interpretation. of the equations may be 
followed inductively. T believe this edition will continue to prove useful to the 
students and interesting to the teachers. T must express here my deep appreciation 
to the colleagues and teachers of chemistry who were kind enough to make helpful 
criticism and suggestion for the improvement of the book. T must take the responsi- 


bility of any error which might have crept in inspite of precautions. 


special reference t 


Calcutta BPG, is 
March, 1973 
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CHAPTER I Ld 


THE GASEOUS STATE : THE KINETIC THEORY 


Introduction. In chemistry, we deal with different kinds of matter, their changes 
and their interactions. In its study, as in all other sciences, we perform.experi- 
ments, make observations and collect the data. We then proceed to interpret 
those data in order to understand the behaviour of the matter under investigation. 
Physical chemistry is primarily concerned with the interpretation of the observed 
facts connected with matter and its changes. In other words, physical chemistry 
has to develop and also to test the theories required to elucidate the results of the 
observations. It is a common knowledge with a chemist or a manufacturer that 
nitrogen and hydrogen would combine to form ammonia in presence of a catalyst 
under high pressure. It would be the business of a physical chemist to explain 
why high pressure and a catalyst are required. The object of physical chemistry 
would be not only to specify the properties of different states of matter and genera- 
lise them into laws but also to give a theoretical foundation to those generalisations. 
The purpose does not end here by simply. suggesting a theoretical explanation of 
the experimental variables, it further predicts phenomena and their effects yet 
unknown. In doing these with precision, it has to take recourse to the generous 
application of the laws of physics and of mathematics. Evidently, the study of the 
influence of the physical factors like pressure, temperature, concentration, electric 
field, etc., on a substance or on a reaction is of importance in physical chemistry. 
Physical chemistry thus covers the ill-defined territory between physics and 
chemistry. But at the same time, it deals the chemical phenomena quantitatively 
by the use of mathematical machinery and the effects are given in a compactly 
condensed form. In order to express the theories quantitatively, the need of the 
detailed knowledge of the behaviour of the matter as a whole as also that of the 
atoms, molecules, ions, etc., are essential. Physical chemistry necessarily includes 
such studies. 

The physical chemist has to carry out accurate determination of data in the 
laboratory and at the same time lie has to philosophise the theory to explain his 
findings. That is, he is to exercise both his hand and his mind. He must know 
how to arrange for an apparatus for the resolution of the Raman spectra in the 
laboratory and also he must realise that the angular momentum during the orbital 
motion of an electron must be an integral multiple of ^/27. 

The study of the physico-chemical problems is made basically from two 
essentially different directions. In one case, the structure of the matter—its consti- 
tuent atoms and molecules—is presupposed and the behaviour of the whole matter 
or its change is interpreted onthe basis of this atomic theory. This is what is called 
the kinetic theory approach. This is particularly helpful in finding out the speed 
or the progress of a process and also the mechanism of the same. The other appro- 
ach is a thermodynamic one in which the structure of the matter is ignored. In 
this, our experience of the energy-changes and of their interconversion during a 
physical or a chemical process often help us in clarifying the cause of a reaction 
or the behaviour of a material system. We shall see later that with the help of the 
thermodynamic postulates it would be possible to arrive at valuable deductions. 
In this method we can predict the possibility of a phenomenon and can easily 
determine the extent of a reaction. The two modes of approach will be illustrated 
in various stages in the text. 

It should be borne in mind that the quantitative aspects of the whole of 
chemistry have to be dealt with in Physical Chemistry. Thus, from experiments in 
the organic laboratory, we may find out the characteristic behaviour of methyl 
alcohol (CH,OH) and establish the existence of the methyl or the hydroxyl 
group. But physical chemistry would give quantitatively the polarisation and 
the dipole moment of the molecule, the angle at which the different bonds are 
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inked, the interatomic distances, the dissociation energies of the bonds, etc. 
ae complete knowledge of the mantane: will be available which would in 
eir turn explain the behaviour of the substance. k m 
$ m order to obtain a concept of the magnitude of a physical entity, at 
is necessary to choose some unit to measure the same. Each physical quan y 
requires its own unit. For this purpose, it had been possible to start wit ree 
basic standard units for mass, length and time. The units for these three are 
called fundamental units. The units of other physical quantities can be expresse : 
in terms of the fundamental units and are called ‘derived’ units. The measure i 
the fundamental units and the expressions of the derived units are discusse 
briefly in appendix 1.1. t A 
j^ Gus fet we shall deal in the beginning with the two essential principles 
—the kinetic theory and the thermodynamics—and the properties of matter in 
different states of aggregation, gases, liquids and solids. We shall subsequently 
consider the changes of matter under different conditions and under influence of 


different forces as also the changes of energy involved therein. 


A. GASES : THE BEHAVIOUR OF GASES 


to expand to a gj 
perature (at const, 
expansion. 


1.2. The Gas Laws. The identity in behaviour of different gases is evident from 
the fact that all gases generally obey some simple and common relations which 
are called the gas laws. These laws may be expressed in the following way. 

(o CE aC 3 ES Volume (v) of a gas depends not only upon the 
quantity o 71) but also on its press p i 

It is common knowledge that it e nd ite ME eate (D. 


2 / at any given temperat re, the 
volume of a gas will be directly proportional to the dud Thats Pressi , 


milar extent when he 
Pressure). All gases h: 


v cm When P and T are Constant. 
or erm "qu 
The quantity n is usually expressed in gm-moles, So that if w gms of the gas of mol. 
wt. M be taken, then n = E 
Avogadro (1811) was res 


ponsible for discovering a law of nature for the gases 

(commonly called Avogadro's Law) which states E 
" Measured at a common temperature and pressure, 
number of gram-moles of different gases, 


the volumes of the same 
temperature and pressure, the volume of 


would be the same.” That is, at the same 
n gm-moles of any gas will be the same. 


| 
f 
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Since v = k,n, when n is fixed, k, will be a universal constant, true for all 


ases. 
: (b) Boyle's Law. The volume of a given quantity of gas, at a constant tem- 
perature, is large at low pressure and small at high pressure. In 1662 Robert Boyle 
measured carefully the variation of the volume of a gas with pressure and esta- 
blished the relation which is known as the Boyle's Law. The law may be stated as, 
“At a constant temperature the volume of a given mass of gas varies inversely as its 
pressure." That is, 


1 
v co P when 7z and T are constant, 


or ; Pv = k, (constant) Ss (0523) 

The relation between pressure and volume can 
then be represented by a rectangular hyperbola 
as shown in Fig. L1. As the value of the constant 
in equation (L2) will change with temperature, 
there will be a separate curve for each fixed i 
temperature. These curves plotted at different fixed P 
temperatures are called isotherms. 

(c) Gay-Lussac's or Charles Law. The influ- 
ence of variation of temperature on the volume of a 


gas was investigated by Gay Lussac (1802) and also 7 
by Charles (1787) independently. The quantitative 

relation derived from their experiments known as eee 
Gay-Lussac’s Law or Charles’ Law may be stated as, Fig. I.1. Isotherms (7; 71) 


* At constant pressure, the volume of a given mass of gas expands by a constant 
fraction of its volume at 0°C for 1? degree rise in temperature." 

If v, be the volume at 0°C and v at t°C of a given mass of gas at a constant 
pressure (P), then 

v—Uug = aluy 

or v = v (l+at) cen (B3) 
where c. is the coefficient of expansion. 

Unlike that in solids or liquids, the value of a is approximately the same for 
all gases. The magnitude is determined by measuring the volumes of the gas at 
0°C and at 100°C, so that, from equation (1.3), 


Y100—Va 

100v, 
At higher pressures, the value of « varies to some extent, but if the pressure be 
kept constant and very low, the values tend to become identical for all gases. 
So, by extrapolating the.experimentally determined values to zero pressure (Fig. I.2) 
the most accurate value has been obtained as : 


(ry —À 


36750 


36700 we 
S 
$e 

36650 

36600 H 

He 
0 200 
400 go (feas ! 


Fig. 1.2. Determination of the accurate value of a 
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= 00036609 = 1 4! . (L4) 
am 2:2273:16 ^ 273 


We can express now the volumes of a given quantity of gas at 4°C and t 
(at const. pressure) as 


t ty 
9 = v (1+7 and v = v (1+ 5%, 
, vu _ 245 Pls) 
i.e. a 273131 


If the temperature of the gas be lowered to—273°C, then, from equation (1.3), 
the volume of the gas is reduced to zero. In other words, this temperature repre- 
sents the limit of thermal contraction of the gas. This is indeed hypothetical 
because all gases would liquefy or solidify before reaching this limit. 

A. temperature lower than this is inconceivable. A new scale of temperature 
with this limit as zero and having each degree equal to a centigrade degree has 
been devised and is called the absolute scale of temperature. The zero of the absolute 
scale is evidently —273°C ; and 0°C will correspond to 273° Absolute, often expres- 
sed as 273^K. Any other temperature, say t°C, will be (273 TK. 


Rewriting equation (L5), we have 
uc Mtt T, 
0; 7 273994, — T, 
where T, and T, are the temperatures in the absolute scale. 


The Charles’ Law may be restated now : 
"The volume of a given mass of gas at constant 


pressure is directly proportional to its absolute 
temperature," Hence 


M ee v =k,T, (whenn and P are constant) (1.6) 


When volumes are plotted against absolute 
S temperatures (at const. pressure) straight lines, 
called isobars, are obtained which on extrapola- 
tion converge to zero volume (Fig. 1.3). 
(d) The Equation of State. The gas laws 
0 T —> 50 1000 discussed dbove may now be summarised : 


Fig. L3. Isobars (Sp) et © zA vopadro S Law : voc n, when P and 


». 1 
(ii) Boyle’s Law.: v oo p> When n and T are constant. 


(iii) Gay Lussac’s Law: v o T w 


r y hen n and P 
when all the functions vary independen are constant. In other words, 


tly, we have, 


"Eu 
P 
nT 3 
OF v= RP where R is a constant, 
4 Pv 
Le, —po—onR me (d 625) 


For | gm-mole of any gas, then d =R 


sh e 8) 


At any given temperature and pressure, the volume (V) of a gm-mole of a 
gas will be the same, i.e., *R' isa universal constant. . £ ny 
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The equation (L7) gives us a relation between the temperature, pressure 
and volume of a gas. Such a relation connecting P-v-T of a system is called an 
“equation of state.” From this equation, it is obvious that for a given quantity of 
gas, any variation of pressure and temperature will be associated with such altera- 
tion in volume that the quantity Pv/T remains constant. 

(i) Again, if the volume of a given mass of gas be kept constant (i.e., if n 
and v are constant), then ` 


P="T=kKT E CO 


or the pressure is directly proportional to the absolute temperature of the gas. 


This has also been found true experi- 
mentally and formed another Law of Gay- 
Lussac. If pressures be plotted against absolute 
temperatures (volume being Kept constant) 
linear graphs, called isochores, will be obtained 
(Fig. 1.4). 

(ii) There is another interesting deduction 2. 
from this relation. If Py be the pressure of a 
gas at 0°C, then its pressure P, at another tem- 
perature t,°C may be expressed by the relation, 


P, = P,(l+e't) ... G10) YS See suas de T 
where a’ is the coefficient of pressure change 
(at constant volume). Fig. L4. Isochores (u:>vs) 


Py(1-+0'ts) 


Similarly, P; 


I 


Therefore, 


But from (1.9), 3 z = the a eee Te ect) 
2 2 


From equation (1.3) and (1.6) ; Em 


where a is the coefficient of volunte change. 

Thus, we have, du 

Hence, the coefficient of pressure-change with temperature is the same as 
the coefficient of volume-change with temperature i.e., 1/273. This has also been 
experimentally realised. 

(iii) Since Pv = nRT, at a constant temperature for a given mass of gas, 
the volume will alter with increase or decrease of pressure in such a way that Pv 


P 
i 
a 
M 
s 
i 
{| H2 
> 
a 
22420 He 
- i Sea 
22400) repara 
2350 LL ÀdÀ——— 
APO 02. 03 oS 08 atm 
p— 


Fig. L5. The volume of a gm-mole of gas at N.T.P. 
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f. . H B . 1l 
ll remain constant. Though there are slight variations at high pressures, al 
Pes tend to obey this relation at very low pressures. Thus, if we ner 
constant temperature 0°C the volumes of 1 gm-mole of different gases E es 
pressures and plot the P-values against P, we get the lines as in Fig. 1.5. Extrap A 
tion of these lines to P = 0 shows that all of them converge on the Peek) 
a point PV = 22.414 litre-atmospheres. So , at 1 atmosphere and 0°C (or 273. 
. the volume of a gm-mole of any gas is 22.414 litres. 


(iv) Value of the gas constant ‘R’. The general equation of state of n gm-moles 
of any gas is given by 


Pv = ART, i.e., Pv = E RT ( since n — M ) 
For 1 gm-mole, BE S RT 
V denotes the volume of a gm-mole. 
Since we know the volume of a gm-mole of gas at standard temperature and 
pressure, itis possible to evaluate the gas constant, R. , 
P = 1 atmosphere, T = 273°K, V = 22.414 litres. 


E DE __ l(atm) x 22.414 (litres) — 0.082 litre-atmospheres 
Er wr» 273 : 


per degree per mole. In C.g.s. units, 


— PXV _ 76x13.595x981 (dynes-cm-?) x 22414 (cm?) 
x mur 273 
= 8.314 10" ergs per degree per mole. 
Since 1 calorie = 4.184107 ergs 
: . 9314x10 — 3 
: sa Ri A184x10) = 1.987 calories per degree per mole. 


__ For ordinary calculations, the value of R may be taken as equivalent to (appro- 
ximately) 2 calories per degree per mole. Evidently, R has the dimensions of energy. 


Problem : Calculate the pressure exerted on the walls of a 3-litre flask when 7 gms of Nitrogen 
are introduced into the same at 27°C. 


RT 
We have P = x T (mol. wt. of Nz = 28) 


z M. s .082x (273--27) 
28 8 

(R used is in litre-atmosphere and the vo! 
Problem : What is the mol 


= 2.05 atmospheres. 


lume.in litres.) 


ecular weight of a gas, 12.8 gms of which occupy 10 litres at a 
pressure of 750 mm and at 27°C? 
w. 
Pv = —.RT 
IFM 
c M = EST: — 12.8x0.082 x (2734-27) = 31.94 E 
Pv 750 S10 
760 


of gases is equal to the sum 


of the partial pres- 
same temperature). 
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.. Thus, if a mixture of gases (temp. T) contains Ma, Nb, He, c.. moles of 
different gases whose partial pressures are pa, Pos pos «o etc. respectively, 
the total pressure P of the mixture will be given by 

P = patpetpco.. Ier) 


Applying the equation of state which is independent of the nature of the 
gases, we have 


a RT 08) 
where vis the total volume of the system, and n = total number of moles 


= Na+no+ne+ Sines 
Again, the partial pressures are 


Pa = “8RT, pi “ORT, po TERT, Se (14) 


Hence, pat+potpet+... = = ( natno-tnet..-} =" RT 


Therefore, P = pa+potpet+..- 
Further, from equations (1.13 and 1.14), we have 
Lu 2 ny alte 
Pa = "16 Po= a? c = —P, ete. 


The partial pressure of a constituent can then be evaluated from the knowledge 
of the total pressure of the mixture and the relative proportion of the constituents. 


Problem : 400 gms of Hydrogen mixed with 1400 gms of Nitrogen are kept at a pressure of 
200 atmospheres. What are their partial pressures? 


1400 
Gm-moles of hydrogen — Ron = 200, gm-moles of nitrogen = —— = 50. 


2 1 28 
Total No. of moles = 200--50 = 250 
200 50 
* = — X = P = — x200 = tm. 
3B Py, 259/4200 160 atm Py, 250 x2 40 a 


.. Problem : 20 c.c. of oxygen was collected over water at a pressure of 749 mm at 25?C. What 
will be the volume of tbe dry oxygen at N.T.P.? The vapour pressure of water at 25°C is 24 mm. 
The partial pressure of oxygen in the dry state — 749—24 — 725 mm. 
760xv _ 725x20 
2/7319 2298202 
whence v = 1748 c.c. 

) Law of Partial Volumes (Amagat). This law, which is really equivalent 
to the law of partial pressures, states that the total volume of a gas mixture is the 
sum of the partial volumes of the constituents of the mixture, i.e., 

V = vtot tst... A 
where V is the total volume and vj, v2, v...... are the partial volumes of the consti- 
tuents. The partial volume of a constituent is defined as the volume which the 
particular constituent would occupy at the total pressure of the mixture, the tem- 
perature always remaining constant. 

From the gas equation we have, 


If v be its volume in the dry state at N.T.P. then 


n = TERT: Uy = TREAT, etc. 
T 
i.e., Vy T- va "us... = RT (nmm) mies V 


Ng 
Moreover, wy = wh v — V, and so on 


X 
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D j i through a fine orifice 
Graham's Law of Effusion. The passing out of a gas é 2 
AE the wall of the container is called effusion. The rate of eson, ena 
volume of the gas passing out, depends on the density of the gas, t he D im 
and the temperature. The quantitative rasnon governing such effusion w 
found by Graham (1829). This law is enunciated as, 1 : 
2 constant temperature and pressure, the rates of effusion of different gases 
vary inversely as the square root of their densities.” 
d fa red passes out through a porous wall, say of unglazed sede 
compressed graphite, etc., the process is called diffusion. 'The same law, as 
above, would be applicable in the case of diffusion. 


If r, and rz be the rates of effusion (or diffusion) of two gases having densities 
d, and d,, (T and P constant), then 


5 and k 
rn ——— Fg = >> 
MEAE MIL D va 
n _ Vd, (1.15) 
or Se e, ace . 
Te Y d, 


ie., rVd = constant. 


This is established from the results recorded below. 


EXPERIMENTAL RESULTS ON THE GRAHAM'S LAW OF DIFFUSION 


Velocity of diffusion E 
Gas Density (Air — 1) rd 
Hydrogen 0.0695 3.83 1.01 
Oxygen 1.1056 | 0.9487 1.00 
Nitrogen 0.9712 1.0144 1.00 
Carbon dioxide 1.530 0.8122 1.04 
Methane 0.559 1.344 1.00 
tO E 


Let 4 and t, be the time required for the passage of the same volume v of the two 
gases through the same hol i 


ERTA UF P 2 
" n z 3:16) 
Since temperature and Pressure are fixed, the molar 
volume vm of both the ga: 


Ses must be the same. We have, 
thus, 
ty = 4/42m — [Ms 
5 dius M. «+. (L17) 


Fig. 1.6, Effusiometer with the gas of unkn: 
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Then, a = "E from which M, is obtained. This has actually been 
utilised in determining the mol. wt. of ozone. 
Problem : Ladenburg found that a sample of ozonised oxygen containing 86.16% of ozone 
by weight required 430 seconds to diffuse under conditions where pure oxygen required 367.5 
seconds. Determine the vapour density of ozone. , 
Let v be the volume diffusing out in each 
the mixture, pure oxygen and ozone respectively. 


v/430 _ ai ves 
v[361.5 BE, dr 


h case. Let dm, do and d be the densities of 


430 M.) 
or dm = (555) x16 c 21.91 
. 100 86.16 , 13.84 
Again for 100 gms, the volume, ds F, aa +- d 
1 100 — 86.16 , 13.84 
219] d 16 
whence d= 233 


Another practical application of the Graham’s law is in the partial separation 
of the components in a gas mixture. If the mixture 1s led through a tube made of 
porous walls, in a given time the lighter component will diffuse out more than 
the heavier one. By repeating the process with each separate fraction from diffu- 
sion, the concentration of one component can be considerably increased compared 
to that of the other. This is called atmolysis. Argon has been concentrated in 
nitrogen in this way. The isotopes of neon, chlorine etc. have been partially separa- 


ted by this method. 


1.3. Critical State. Gases are liquefied by 
lowering of temperature and increase of 
pressure. Of these two factors, the tem- 
perature plays a’ more important role. 
Most gases can be liquefied at ordinary 
pressure (1 atm.) by lowering the tem- 
perature considerably. But many gases like 
Oa» Ha N, etc., at ordinary temperature 
cannot be liquefied however high the pres- 
sure may be. For every gas, there is a tem- 
perature above which liquefaction is impos- 
sible whatever may be the pressure. This 
limiting temperature above which liquefac- 
tion is impossible is called the critical tem- 
perature (T,) of the substance. The minimum 
pressure necessary to bring about liquefac- 
tion of the gas at the critical temperature is 
called the critical pressure (Pc). The volume 
occupied by a gm-mole of the substance 
at the critical temperature and pressure is 
called the critical volume (Vc). 

The idea of the critical state may be 
best explained from the classical experi- 
ments of Andrews (1861) on his researches 
on carbon dioxide. He studied the P-V 
relations of carbon dioxide at different 
constant temperatures. A broad outline 
of Andrews’ apparatus is given in Fig. (1.7). 
In a very narrow glass tube AB, a quantity Fig. L7. Andrews' apparatus 
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of gas (CO,) was enclosed and sealed off by a small pellet of mercury. The 
glass tube is fitted into a strong copper tube containing water. Exactly a similar 
arrangement (XY) was also made in which air was used instead of CO,, and 
attached to the first. The second one served as a manometer from which the 
pressure was noted. The pressure (upto about 400 atm.) was exercised by screwing 
Steel screws at the bottom. He found that no liquefaction of carbon dioxide 
occurred above 31.1°C. Below this temperature, liquid carbon dioxide is formed 
at definite pressure. This temperature (31.1°C) is the critical temperature of 
carbon dioxide. , 

The isothermals obtained by plotting graphically the P-V data of Andrews 
experiments are shown in Fig. 18. From Boyle's law (PV: —constant) we expect 
that the isothermal will be, a rectangular hyperbola. At higher temperatures, say 
48°C, the isothermal is found to be hyperbolic, approximately obeying the Boyle’s 
law. But as the temperature is lowered, the isothermals deviate increasingly from 


the hyperbolic. At low temperatures (say 10°C), thec i 
With increase of pressure, there is a decrease in pecs Clio pacha hen 
there is a horizontal portion. (BC) of the curve der 


i de, hyd: i s 
liquefy oxygen, bydrogen, nitrogen, etc, These came DU etc., but failed to 


NEN EE LL oo. 
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gases.’ The failure was due to the lack of the knowledge of the existence of the 
critical temperature above which liquids are non-existent. These so-called per- 
manent gases have low critical temperatures, not attainable in those times. 


Determination of the Critical Constants. (a) Critical pressure and temperature. 
A small quantity of the substance is enclosed over mercury in a closed bulb A, 
attached to the manometer B (Fig. 1.9). The bulb is surrounded by a jacket, 
the temperature of which can be adjusted according to requirements. The surface 
between the liquid and the vapour is carefully observed. If necessary, the tem- 
perature is lowered to obtain a portion of the substance in the liquid state. Subse- 
quently, the temperature is gradually raised until the meniscus just disappears. 
This temperature is recorded as its critical temperature and the critical pressure 
is obtained from the manometer-reading. 

Cailletet used another device to determine these critical 

constants. A quantity of the liquid and its vapour were 
taken in a tube over mercury. By adjustment of the mercury 
level, the volume of the liquid-vapour system was kept 
constant. The pressure was measured from an attached 
manometer. It is known that the vapour pressure at any 
temperature would be independent of the mass of the 
liquid. When vapour pressures were measured at different 
temperatures with different masses of liquids, the P-T curves 
became identical. But beyond the critical temperature, since 
there was no liquid, the system was entirely gaseous, the 
P-T curves would be different with different masses of the 
Substance. Cailletet actually found the vapour-pressure 
curve branching off at a certain pointasshown in Fig. L.10. 
This point is independent of the mass of the liquid taken 
and naturally this would be the critical temperature of the 
Substance. From the corresponding ordinate, the critical 
pressure was obtained. (Fig. 1.10) 
. (b) Determination of the critical volume. With the rise 
in temperature, the density of a liquid decreases while the 
density of its saturated vapour increases. If these densities 
of liquid and saturated vapour be plotted against tempera- 
ture, curves ABC and DEF are obtained as in Fig. 1.11. It 
was discovered by Cailletet and Mathias that the mean of 
the densities of liquid and saturated vapour bears a linear 
relation to temperature. That is, when the mean of the 
points on ABC and DEF are plotted, a straight-line XY is 
obtained. This is commonly called the law of Cailletet and .. dm 
Mathias. If d; and dg denote the two densities, then Fig. 1.9. Det. of critical 
i(di-dg) = a--bt temp. and pressure 
where a and b are constants. 


T — 


Fig. I.10, Vap-press. curves to determine Tọ (Cailletet) Fig. 1.11 
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The two curves ABC and DEF, when extrapolated, cut at the point Z where 
obviously the densities of the liquid and its saturated vapour are identical. This 
would occur only at the critical temperature. The point Z then corresponds to the 
critical density and it should also lie on the line of mean densities, xy. The curves 
ABC, DEF are first drawn from experimental results (near the critical temperature) 
and the point Z is determined from extrapolation. The value of the critical density 
(de) is thus known, from which the critical volume is obtained, for V, = M/de. 

The experimental determination of the densities is carried out by enclosing 
a known quantity of the liquid in a graduated sealed tube and keeping it ata 
constant (known) temperature. The volumes of the liquid and the vapour are 
read off from the graduations. The experiment is repeated with another quantity 
of the substance at the same temperature. If ‘w’ and *v' denote masses and volumes 
of the substance, then 

w — vidi--vgd; and w' = vi'di+vg'dg 
The densities d; and d, are evaluated from these two relations. 


Glass (ii) Maass devised a very ingenuous method for 
Pulley the determination of the critical volume. His apparatus 


is a strong-walled small pyrex-glass tube containing 

=| Glass Jack- the liquid and its vapour. A small glass float of 
Fed ron known volume and mass was suspended inside by a 
[nN calibrated quartz spiral. The suspension is balanced 


by a glass-jacketted iron counterweight over a pulley 
(Fig. 1.12). The float can be raised or lowered by an 
external magnet. The whole apparatus is kept in a 
carefully-controlled thermostat. At every temperature 
the weight of the float is determined both in the liquid 
3 and in the vapour from the extension of the spring. 
-| Glass Float The weights of the displaced vapour or, liquid are 
calculated and from these the densities are 
obtained. 

The critical constant values of some commonly 
Substances are given here. 


Fig. I.12. Maass's apparatus 
for measurement of densities used 
of liquid and vapour 


CRITICAL CONSTANS 


Critical Critical Critical 

Gas temperature pressure volume 
; ay (atm.) (c.c.) 

— ———ÉÓ. 

Oxygen 154.28 49.7 744 
Hydrogen 332 12.8 69.7 
Nitrogen 125.97 33.5 '90.0 
Ammonia 405.5 111.3 72.0 
Carbon monoxide 133.0 34.5 *90.0 
Carbon dioxide 304.15 72.9 ; 94.2 
Chlorine 417.0 76.1 123.5 
Sulphur dioxide 430.25 77,7 125.0 

Helium 5.2 2:25 61.55 

Neon 44.75 26.86 44.30 
Argon 150.6 77.0 150.7 
Methane r 190.3 45.6 98.8 
Ethane 305.4 48.0 142.8 
Ethylene 283.0 50.6 126.0 
Acetylene 308.6 . 61.7 113.0 
Benzene 562.0 48.6 256.0 

Water 647.3 218.5 55.54 


Continuity of State. The transition of the gaseous state to the liquid state is 
not sudden and discontinuous as it may appear from the breaks in the isothermals 


— 
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at temperatures below the critical temperature. In fact, the gas passes into the 
liquid state imperceptibly and continuously. This may be shown from the following 
considerations. 

In Fig. I.13, y represents the isothermal 
of CO, at the critieal temperature (31.1°C), 
and z is an isothermal below the critical tem- 
perature, say at 20°C. Let us start with CO, E 
gas at the point A and gradually compress the 
gas. At the point B, liquid will begin to | 
appear and all along BC (at const. pressure) * 
the system would be a heterogeneous mixture 
and would apparently show discontinuity. 

At the point C, it would be entirely liquid 
which may be compressed to D, along the 
path CD. 

Now, this transition may be effected in 
another way. The gas at A may be heated at Fig. L13. Isothermals of CO; 
constant volume until the temperature attain- 
ed is the critical one (31.1°C) represented by A’. The gas may then be 
isothermally compressed to follow the path A'B’. At B' the critical point is 
reached, where the liquid and gas are indistinguishable. On slight rise of 
pressure, the gas is completely transformed into liquid which changes, along 
B'D', to D'. The liquid at D’ may now be cooled at constant pressure until 
the point D is reached. We have thus, by a new path, transformed the gas at 4 
to the liquid at D as before without any heterogeneity at any point. The transition 
is nowhere abrupt and is a continuous one. This phenomenon is often termed 
as the continuity of state. 


v= 


I.4. Coefficient of Expansion and Compressibility. (i) At a constant pressure, 
the volume of a gas increases with rise in temperature. The increment in volume 
per c.c. for unit rise in temperature, i.e., the coefficient of isobaric expansion 
is denoted by a, or 


it fin 
eU Ses THIS 
y: Sor): Eo 
Since Pv = nRT, we have (27) i 
P 
-lj9u ERL nR BRL (1.19) 
= ara nRT T Se 


(ii) Ata constant temperature, the volume of a gas decreases with rise in 
Pressure, The coefficient of isothermal compressibility, i.e., decrement 1n volume 
per c.c. for unit rise in pressure, is denoted by £, 


1 [0v 
eo eee feo (20 
or f T z), ( ) 
: The negative sign indicates the decrease in volume. 
Si ds Eu) M woe ERE 
ince Pv nRT, ( ap]; p 
1/—nRT nRT 1 ; 
or. p= —1( E )= +P P M ON 


B. THE KINETIC THEORY OF GASES 


I.5. The Kinetic Theory. In the preceding section we discussed the common 


. behaviour of gases and the laws generally obeyed by them. These laws are derived 
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from experimental observations. For an explanation of such behaviour of gases, 
some theoretical foundation is essential. The abstract speculation in this direction 
must naturally begin with the ideas as to the nature and ultimate structure of the 
material world. As early as in 500 B.C. Leucippas and Democritus in Greece 
and Kanādā in India proposed the atomic theory stating that matter was 
discontinuous consisting of minute particles now called molecules and that these 
particles were always in motion. Not much progress was made until Gassendi, 
and later on Hooke, in the seventeenth century explained the physical phenomena 
of the gases on the assumption of the existence of rapidly moving independent 
minute particles. The credit of a systematic attempt to explain the properties of 
gases on a mechanical basis for the first time goes to Bernoulli (1738). It was 
also soon realised that heat was a manifestation of molecular motion. In a solid 
the minute particles (or molecules) are held very closely together and are entirely 
devoid of any translatory motion. If now thermal energy be imparted into the solid, 
it takes the form of vibrational and rotational motion along with some translatory 
movements. These are manifested as heat is added and the temperature rises. With 
further increase in the absorption of thermal energy, the energy of vibration 
rises to such an extent that the particles break away from the compact state and 
the solid is transformed into liquid. Further absorption of heat causes the parti- 
cles to break away from the restraining forces holding them together and the 
particles move away freely from the liquid to the gascous state. The gases then are 
essentially composed of freely-moving molecules. These basic ideas were at the root 
of the theory to explain the behaviour of gases called the Kinetic Theory of Gases. 
The present state of the theory developed as a result of the thoughts and contri- 
butions of not one but a host of great minds spread over centuries. In the nineteenth 
century especially, through the efforts of Joule, Kronig, Clausius, Boltzmann and 
Maxwell, the theory succeeded to attain a rigid mathematical form. 1 
As in all theories, the kinetic theory of gases also begins with certain basic 
assumptions. The tenets of the theory may be summarised as follows : 


(1) Gases are composed of minute discrete particles, now called molecules. 


In any one gas all the molecules are of the same size and mass, but these differ 
from gas to gas. 


(2) (a) The molecules within a container are in ceaseless chaotic motion with 
. high velocities, incessantly colliding with each other and with the walls of 
the container. 

. (b) Inspite ofthe enormous number of collisions, the molecular density in 
any volume of the gas is not disturbed, i.e., the molecules at one place do 
not collect in larger number than at another. At each collision, however, the 
velocities are altered in direction and in magnitude. 

(c) Between two collisions, 2 molecule moves in a straight line with uni- 
form velocity. The Period during which the collision lasts is negligible 
compared with the time to traverse the distance between two successive 
collisions, called the free path. 

. (3) The bombardment of the molecules on the walls of the container gives 
rise to the pressure of the gas. The average force per unit area which the molecules 
exert in their impacts with the walls per unit time is the pressure. The larger the 
number of impacts, the greater will be the pressure. ^ 

(4) The molecules are supposed to be perfectly elastic. In the collisions 
between one another or with the walls, no energy is lost. 

(5) The dimensions of the molecules are negligible compared to the free 
paths they traverse, and at ordinary or low pressures, they are taken as point 
masses. 

At relatively low pressures, because of the comparatively large distances 
between the molecules, the forces of attraction between the molecules are also 
negligible. 

(6) The temperature of a gas is a measure of the average kinetic energy of 
the molecules of the gas in the system. i 

If the temperature is raised, the molecules would move more vigorously result- 
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ing in a larger number of impacts on the wall at a constant volume. That is why 
we find an increase of pressure with rise in temperature at constant volume. 

On the other hand, if the volume is decreased at a constant temperature, 
the molecules would strike the walls more frequently and the pressure-increase 
would occur. 


1.6. Evidence in Support of the Kinetic Theory. Direct evidence in support of 
the basic assumptions of the theory, viz., existence of molecules and of their motion 
cannot be given but, though indirect, convincing proofs in this regard are obtained 
from the following : 

(i) All gases diffuse readily into one another until these 
are homogeneously mixed. If we let loose a little chlorine gas 
near the floor of the room, the gas would diffuse on all 
sides and also to the ceiling against gravity. This is possible 
only if there are small particles which move in all directions. - 

(ii) The expansibility of a gas to an infinite extent is 
another evidence. A gas spreads immediately throughout any 
empty space in which it is placed. Obviously the gas must be 
composed of minute particles with motion. We have also 
seen how the increase in kinetic energy may lead to vaporisa- 
tion. à 
(iii) The rectilinear motion of the gas molecules was 
first demonstrated experimentally by Dunoyer (1911) and 
Subsequently by others. In this experiment a vertical 
cylindrical tube was taken. The tube was divided into three 
chambers by two partitions X and Y (Fig. 1.14). Each 
partition had a small circular hole at the centre. In a small 
oven a little sodium was taken at the bottom of the _ 5 
lowest compartment, and the vessel was evacuated. On Fis. L14. Dunoyer's 
heating, sodium evaporated and the molecules escaped rapidly Experiment 
in all directions, most of them being deposited on the walls of the lowest chamber. 
Some of these will pass through the hole X. Out of these again some would pass 
through the hole Y and enter the topmost compartment making a deposit on the 
roof of the cylinder. The deposit was formed to coincide exactly with the projec- 
tion of the hole Y. The experiment may be varied by removing partition Y and 
Suspending a disc there, when a shadow is formed on the deposit on the roof. 
This not only shows that the molecules move in straight lines but also that there 
is no repulsive force between the molecules. Had there been repulsive forces, the 
NA would deviate in the upper chambers and would not follow rectilinear 
paths. 

.' (iv) In 1827, the botanist Brown observed that pollen grains suspended in 
a liquid danced about wildly even when the temperature was maintained constant. 
The same phenomenon, called Brownian motion, is also observed when a colloidal 
suspension is examined under an ultramicroscope. The motion of the suspended 
particles is irregular, spontaneous and perpetual, and takes place in all kinds of 
media. This can be explained only if we assume that suspended particles are really 
pushed from different directions by the molecules of the media. In consequence 
unbalanced forces act on the particle and cause it to move about chaotically. 
We shall later on diseuss, in more details, the character of the Brownian motion. 
Resides these, the derivation of the gas laws from the kinetic theory supports the 
atter. 


1.7. Velocity of Gas Molecules. It would be useful to mention here some 
elementary considerations which are made in the computation of velocities of the 
gas molecules. 
(i) Suppose a molecule has velocity c, and suppose x, y and z are its compo- 
nents along three axes perpendicular to one another. Then, 
‘ c2? = x®=y?-+-2? (1:22) 
(ii) In a given mass of gas, a large number of molecules would have the 
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same velocity c, in magnitude but in different directions. Evidently, the magni- 
tudes of the components along any given axis, say x-axis, would be different. 
Let the component-velocities of the different molecules along x-axis be denoted 
DY ey Nps gyre restore etc. Since all directions are equally possible, the components 
in the two opposite directions along x-axis must balance one another, i.e., mean 
value of the components, ¥ = 0. Similarly, along the other two axes, 7 = 0 and 
Ze— 90! 
But the mean of the squares of these components will not be zero, for squares 
- are all positive. That is, x? 4 0. This is also true along other two axes. à 
Now there is no preference for any particular direction, all directions being 
equally probable, the mean values of the squares along all the three axes must be 


equal. Then, 
x = y = 7 T23) 
The bar overhead indicates the mean values. 
So, cy? = x®+y2?472 = 3x2 
or x? = je? (24) 


This relation would be generally true for all magnitudes of the velocity, c;. í 
(iii) All the molecules have not got the same velocity. Even if we start with 
the same velocity for all the molecules, very soon due to ceaseless collisions, 


Cnt molecules would acquire different Kinetic energies and hence different 
velocities. 


Suppose a given quantity of gas contains N molecules. Out of these total 
N molecules, 7, molecules with a velocity c, have each kinetic energy <, ng mole- 
cules with a velocity c, have each kinetic energy ep, and so on. Then 


N o-—m-unn-...... 
Ne = n6 -ngeg--n3634-...:.. 


Where e is the kinetic energy possessed by a molecule on an average. We have, 
therefore, when m is the mass of a molecule, | 


Nxàmc? = n x mc?--n, x men, x 4mcs?4-...... 


where c is the velocity of each molecule on the supposition that each molecule 
has the same average kinetic energy. 


Simplifying got meg e ngeg...... 
N 


20-095) 


Hence, c? is the mean of the s 


© squares of the velocities of all the molecules and is 
called the mean-square velocity. 


So, c= NEC -ETlsCs* -- ise? H-...... 
N 


.. . (1.26) 


prr is the root of the mean-square velocity and briefly termed root-mean-square 
velocity. 


m MC Hoca d-gC3 4- ...... 
: N 


This is often mentioned as average velocity and is evidently different from the 
root-mean-square velocity, c. It should also be noted that the mean-square veló- 


city (c?) is not the same as the Square of the mean speed, (ca?). 


For example s i 
PA pi Suppose there arc five molecules having speeds, 3, 4, 5, 6 and 7 metres per second. 


= 32442 52 ja 2 
c= Tem = 27 metres/sec.. 


: 34445 a 
and ĉa = (e = 25 metres/sec. . 


It will be seen later that c = 1.085 Cq. 


| dm „directi 
. parted on the corresponding pairs 
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I.8. 
8. The pressure of a gas. The postulates of the kinetic theory enable us to 


ees ae Lah of à gas in terms of molecular quantities. 
onsider a volume of gas contained in a cubical box of side 7. Let 
e o : t 
mi of molecules present in it be N, the mass of each molecule being 7. HS 
direct e mr ai moving constantly with different velocities in different 
nip Ts ombarding on the walls of the cube. Consider any one molecule and 
d dd ner is c, at a given instant. The velocity c, may be resolved into 
ngular components x;, y; and z along the axes 
i aye yg A 1 g parallel to the three edges 


Ob E x*txat 
Now consider the motion of this molecule along x-axi i 
g x-axis perpendicular to t 
walls G and H of the vessel (Fig. 1.15). Er a 


Fig. L15 


the molecule after striking the wall 
e velocity but in opposite direction. 
ikes is mx, and when it rebounds, . 
tum due to a collision is therefore, 


G us collisions being perfectly elastic, 
i velocity x, returns with exactly the sam: 

A momentum of the molecule just when it str: 
momentum is —mx,. The change of momen 


™*1—(—mx,) = 2mx,. 

to It is obvious that after its collision with the wall G, it will travel a distance / 

moe an impact on the opposite wall H and then return to G again. So, after 

ius a distance of | every time, it will make an impact on a wall. The total 
er of collisions the molecule makes on the two opposite walls in unit time 


Would be 3. 

Therefore, the total momentum imparted to the two opposite walls G and H 
by thi 2mx;? 
.5Y this molecule per second = xam = p 

y-axis and Z-axis, the momentum 


._ If we now consi directions along 
onsider the dire by the collisions of this molecule 


of walls 

W 2my,2 2 

Quid be "UP and 2o s 

Hence, the net momentum imparted 
I 


on all the six walls by the collisions 


EN 
of ths 2mcj? . 
TR Os molecule per second is Tm 


3 Next, we consider all the molecules having different velocities Cı Ca» Csee 
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The change of momentum per second from collisions of all the molecules on all 
the walls would be 


2me,? , 2mej , 2mcs? , st 2men* 
ea ae l 
Oy 2 Las 
= Fa beg? F e Paces + ca?) 
.. 2mNc* 
=== 


where c? is the mean square velocity. 
This change of momentum per unit time is the force F exerted by the molecules 


(Newton’s Law) on all the walls. 
i.e., S a ees 


The pressure of the gas P is the force per unit area. There are six walls each 
of area /?. Hence the total force on all the walls, 


F = 6P?xP. 
1 F  2mNc* mNc? 

= EL. "m (E27 
That is, P Gi 6n i med (1.27) 

since l = v, the volume of the cube. 
Hence Pv = d mNc* se « (128) 
The total mass of the gas is mN, so the density of the gas, p — HUY Hence, 

vU 

we have, P = t pc? sh pits) (0:29) 


The expression for 
appendix 1.2. 


pressure may be derived a little more rigidly, as given in 
1.9. The temperature of a gas. Ac 


i cording to the kinetic theory, the temperature 
of a gas is a measure of the avera 


2 e ge translational kinetic energy of its molecules. 
That is, the temperature T is a function of E, the kinetic energy. If two gases are 
at the same temperature, the average kinetic energies of the molecules of the 
two gases would be the same. Now, we have seen, 
Pu = imNc? 

ie., Pv = $ N. mc? = 2 Ne v a s (130) 
where e is the mean kinetic energy of a molecule. ; 

If we take a gm-mole of gas, (volume V), the number of molécules would be 
Ns, Avogadro number. Then, : 
where £ is the kinetic energy of a gm-mole of gas. 

From the gas-laws, for a gm-mole we have, PV = RT 


Hence, E= PV =2RT n. (1.32) 
Thus, we obtain a quantitative r 


: elation between the kineti a j - 
perature in the absolute scale, Di Man de dept 


viding eqn. (1.32) by N, on both sides, 
= 3 RT 3 
e = E No = u kT 


where No = k, a universal constant, called Boltzmann constant. 
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The mean kinetic energy of a molecule in a gas is proportional to the absolute 
temperature of the gas. 


We can also write, imc = 3kT 
A 3kT 
or | c? — —— 
m 
also, c = URE 2. 134) 


That is, the mean square velocity is directly proportional to the absolute 
temperature. When T = 0, c? — 0. Hence, at the absolute zero of temperature, there 
would be complete cessation of motion. This deduction from Kinetic theory is not 
however strictly true. The quantum theory reveals that at the absolute zero, a little 
residual energy, called zero-point energy, is still associated with the molecule. 


L.10. Derivation of the gas laws from the kinetic theory. The different gas laws 
which were empirically obtained can be derived from the theory. 
() Boyles Law. We know, 
Pu = ámNc? = $Nximc* 
In a given mass of gas, the number of molecules N remains constant. Again, 


at a constant temperature, the mean kinetic energy of a molecule, 3mc?, remains 
constant. Hence, the right hand side is a constant. 


.. Pv = constant. This is Boyle's Law. 


At a constant pressure, v = TA imc? = 3 P. kT = k'T, which is 


Charles Law. 


(i) Avogadro's Law. When equal volumes of two gases are taken at the same 

Pressure and at the same temperature, we have 

Pv = m Nic? = $N ximo 

Pu = im,QN; = $Nximoy? 
Where (mi, Ny, cj) and (img, No, c;) denote the mass, number and velocities of the 
rolecules of two gases respectiyely. Since the temperature is the same, the mean 

inetic energy of the molecules of the two gases are equal, i.e., 

4 im, = im, Hence, Ny = Ne . 
l.e., equal volumes of the two gases at the same temperature and pressure contain 
the same number of molecules. This is Avogadro's Law. 


(H) Daltons Law of Partial Pressures. Suppose we take in a box a mixture 
containing several gases of densities ps, ps, Pas -.---- , having mean square velocities 
of the molecules €3*, cs?, C32... etc. The molecules of all the gases will make impact: 
on the walls. The total pressure then would be, by equation (1.29), 

P = boi? Ho pses? + P303? e ve b. 
If the gases were individually present in the same volume, then the individual 
pressures would be 
Pı fpc, Pa = $pec?, Ps = desee? oee 
P= pirt ptp ES f ) 
i.e., the total pressure is the sum of the partial pressures of the constituents. This 
1s the Dalton’s Law of partial pressures. 
(iv). Grahams Law of Effusion. We have, 
PB = Foc? 


or e = VE 
A p 


I 


I 
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where c is the root-mean-square velocity. Now the root-mean-square velocity c 
is proportional to ca, the average velocity of the molecules (Sec. I.7). 


Hence, Ca = k' V5 


When there is a fine orifice on the wall of the vessel containing the gas, the 
number of molecules which will effuse out is proportional to the average speed 


of the molecules ca at any given temperature. That is, the rate of effusion re is 
proportional to cg. 


Hence, Tg =k ES 


So, at a given pressure and temperature, the rate of effusion of a gas is inversely 
proportional to the square-root of its density. This is Graham's Law. 


L11 The Boltzmann constant, The universally accepted value of the Avogadro 
number X, is 6.03: 1072, We shall take up the method of its determination in a 
Subsequent chapter. The value of the gas constant R is 8.32X 107 ergs per degree 
per mole. 


Hence, the magnitude of the Boltzmann constant, 


eee 8:325 107 d ië 
k= M, 603x108 = 1.38 x 10-16 ergs per degree. 


1.12 Calculation of kinetic en 


ergy and velocity of a molecule. A few examples are worked out 
below to illustrate the calculat 


ion of kinetic energy and velocity of molecules, 


Example. The density of air at N.T.P. is 0.00129 gms/c.c. Calculate the root-mean-square 


velocity at N.T.P. 
3P 43x 6 X981x13.6 
P= c?; hence, c -A/ = E M EM 
ip y 3 y T03 4.86 x 10* cms/sec. 


Example : The normal density of hydrogen is 0.0000; 
Square velocity of oxygen at N.T.P. ? 


Now, density of oxygen = 16 X 0.000089 


89 gms/c.c., what is the root-mean- 


RE TE A 
Bee = 4/3% 76x981 x 13.6 
ý 16 x 0.000089 


Example : Calculate the kinctic energy of a molecule of hydrogen at 0°C. 
E  4,RT , 832x10x27 


€ — — = 


No *N, 7° 605x109 
= 5.678 x 10-14 ergs. 


= 4.6x108 cms/sec. 


Example : Calculate the kinetic energy of one gm of oxygen at 47°C. 


One gm oxygen = gz gm-mole, 


3RT 
K. B. ofa gm-mole, E — T 
PE ET 
“KB ofl gm = 5 = ce AEXB32X 10 x320 = 124 10° ergs, 
Example : At what temperature will the rms, velocity of oxygen be one and half times of 
its value at N.T.P.? 
We know imo = $kT or co VT 


Suppose the temperature required is 7” when the velocity will be Se 


$c T qr 3.9 
D——-Vy—-—V- wh =-x = 5235. P 
or T VE whence T 5 273 = 614.25? Abs 
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Example : Calculate the number of molecules per c.c. at 27°C in a high vacuum of 107^ mm 
of mercury. 
Suppose there are q molecules still present per c.c. 


q molecules per c.c. = a gm-moles per litre. toU ATION F 
C. N. i } ? 
` Mansy CU 


Now Pv = nRT AES d 


foros ue. f Extenslo z 

10-8 qx 1000 iUe; cepto ji 

or 760 X = SING eee CISD X L teta TY ` 

or e O O OA SS piri ^ 
4 = 760 x.082 x 300 x 1000 c TT 


Example : A half-litre bomb at 27°C is filled with C,H, at 1 atm. and oxygen at 5 atm. and 
the mixture is exploded. Calculate the final pressure if final temperature is (a) 27°C, (b) 127°C. 
The aq. tension at 27°C is 27 mm. 


For CH.:  Pe,g,X05 — nRT, or n = E = A 
For O, : Po, X05 = n'RT, or n' = 5x05 33 
Since C,H,+30, = 2CO,+2H,0 
pel moles of C,H; used up B d or 5 moles of O; 
Hence, residual oxygen — B moles. 
At 27°C, gases present are, CO, (produced) = d = E moles, Os (left) = EH 


plus water vapour to saturation. 
The pressure given by the gases 


1041: 
P’x05 = = RT or P’ = 4 atmospheres. 


The ner Pressure at 27°C, P = P’ +27 mm = 4.04 atmospheres. 
At 127°C, i.e., 400°K, the water produced will all be in gaseous phase and the amount would 
be equal to that of carbon dioxide, 


; 10 1:0 1:0 
ter = US ple 
Oi gp. COs pe BORT 
^. Pressure at 400? K would be 
3 
Px0.5 — Rx300%* x400 or P = 8 atmospheres. 


1.13 Number of molecules of a gas impinging on unit area of the wall. Suppose 
N represents the total number of molecules in a container of volume v, the number 
of molecules per unit volume, 


n = P, or dN = ndo 2. (2) 


This relation will hold true even when we take a very minute volume element dv, 
which would still contain a large number of molecules. ^ 
Again, all directions of molecular velocities are equally probable. Consider 
each molecule with a vector representing the direction and magnitude of its velo- 
City. Suppose all these vectors start from the origin of a sphere of radius r as in 
Fig. 1.16. The vectors will intersect the surface of the sphere in as many points 
as there are vectors, i.e., as there are- molecules. Since all directions are equally 
probable, the points of intersections are uniformly distributed on the entire surface. 
The vectors have to be prolonged, if necessary. The number of such points per 


unit area of the surface will obviously be Hence in an area ds, the number 


ae 4ar?* 
is given by, 
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N 
47r? 


If, however, the area on the surface of the sphere is expressed in polar co-ordi- 
nates, using angles 6 and 4, 
ds = r? Sin6d6 dà sss (2 


The points in this small area refer to the molecules which have velocities in a 


direction 0 and 0--d6, $ and ¢-+d¢. Let us denote this number of molecules by 
d?Nog, then 


dN = ds HE) 


i rsinddeds = © sino do dj peg 


d'No = 


Dividing both sides by the total volume, v, we shall get the number of molecules 
per unit volume having velocities in the directions 0 and 0--d6, and ¢ and $--d$. 


ding, = i Sin6d6dd oe (6) 


Fig. I.16 Fig. L17 


We shall then proceed to find out the number of molecules actually striking ; 
a small area on a surface in a given time dt. Take a small area ds on the surface 


which is inclined in directions 9 and 0--d0, and ¢ and ¢+d¢ to the normal as 
shown in the figure 1.17, These 


the first instance let us find out th 


If dn; denotes the number of molecules per unit volume with veloci i 
y dne di 1 elocit: 
in 09-direction, then from equation (e), we have Mee 


dn, ,. 
dnote = d. Sin do dà C OS 


The volume of the cylinder in the figure is 


dv = dsxcdt Cos 
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The molecules of velocity c and direction 84 which are present in this volume dv 
will all strike ds, and this number is 


d'ugacx du = ŽE Sing dg d$ x ds. edt Cos? 
o as 


= i cde. Sin Cosd do dẹ ds dt 
mT 


Putting ds = 1 and dt = 1, the number of molecules having velocity c, direction 
05 which will strike per unit area per unit time, is 


zl cdne Sinf Cos0 dé do Ee (3) 
4r 


The number of molecules with velocity c coming from all possible directions which 
Will strike per unit area per unit time is obtained by integrating (g) for 0 between 
the limits 0 and 7/2, and integrating for ¢ between the limits zero and 27. This 
gives the value 


1 
Zev y cde bs th) 


,., Then the total number of collisions per unit area per unit time by molecules 
with all possible speeds will be given by 


Z= IELZ beoe (0) 


. Now, suppose there are X, molecules with velocity cı, N, molecules with velo- 
City cs, etc, then the average velocity cq is given by 


Nie 
v 


AE Me + Note +... XN » Yn 


SET CEN N N n 


v 


If the molecules have a continuous distribution and » denotes the number 
of molecules, then 


A 
ca = e = fedne Sot) 
n n 


Substituting (j) in (i); we have the number of molecules striking the unit area 
In unit time, 


1 
Se sod (35 
Z — nts (1.35) 
'. mass of gas striking per unit area, p = 1 mca 
M.P /8RT V M 
—àim(Nov).ce,— l——Aj|-————A4/L—.P T ESbte)) 
rd 9) ts Sh REN ag Ža RT ! 


. Pressure in a gas. We have just seen that the number of 6dc-collisions per 
unit area per unit time is given by 


dh cdne Sin Cos dé dọ. 
4r 


The direction of impact being 6, the angle of reflection on rebounding will also be 8, 
assuming perfectly elastic collisions. The velocity c also remains unaltered. The 
normal component of the velocities would be c Cos@ before collison and — cCos0 
after collison. The change in momentum per collision is meCos@ — (—mcCosé) 
= 2mc Cosé 


24 PHYSICAL CHEMISTRY [L13 

The change in momentum per unit time per unit area due to @¢c-collisions 
only would be, 

1 


(2mc Cos6) ( = 


cdn, Sind Cos8 d0 dp) 


= x mc*dn; Sin0 Cos?6 dé dd 
If we consider all the c-velocity molecules from all possible directions, the 
change of momentum would be, 
1 7/2 (2m 
zz (me*dne) Í Í Sin0 Cos?8 dd d$ 
o o 


1 
= z; Qicdn?) (4) (27) 
= 4mc? dne 
Next let us take all.the molecules having all the, possible velocities. The 


total change of momentum per unit time per unit area, (i.e., the pressure P) would 
e, 


Pis | etdn, in P(t3ó 


Fig. L18 


= Enc? =>. 
We know, c? = —+1 where c? is the mean-square velocity. 


The molecules have a continuous distribution of velocities. 
remembering dn; is the number of molecules having the velocity c. 
Hence, from (1.36) P = bmc? 
Since n = T we have Pu = b mNc? 
This is the same relation as derived earlier in equation (1.28) 


Effusion. From (1.35) the mass of 


; gas impinging per unit a it ti 
iad mas. ‘pinging per unit area per unit time 
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Suppose now, we have a small hole of area ds on the surface. The molecules 
which would strike this area will effuse out (or escape) through the hole. The 


d , M wr 
weight of the gas effusing out per second, i.e., ES is given by 


dw 
= = lmncaxds = } pcads 
r " Ww s 
where p is the density of the gas. Putting Im =u, 
dv 
— = f eads 
a = ie 


That is, the rate of flow of the gas is proportional to the average velocity, as 
assumed in section I.10(iv). 


es à SRT\* 
Anticipating equation (1.41), the average velocity ca = (E » we may 


write the rate of effusion, 
dv' 8RT\* 
nnt = 4 (in) A 


constant 


or Lea EM 


which is Graham’s law. 


1.14. Maxwell’s Law of Distribution of molecular velocities, We have assumed 
that the molecules of a gas have different velocities. It is then necessary to know 
Ow many molecules may possess a velocity of a given magnitude. Maxwell (1859) 
Successfully tackled this problem for the first time. Based on the rules of proba- 
bility, he derived a distribution function of the velocities amongst the molecules, 
which is commonly known as the Maxwell’s Law of distribution of velocities. 
We shall give here, in essence, the distribution function as derived by Maxwell. 
lhe following should however be borne in mind in dealing with this problem : 
(i) The number of molecules present per unit volume at any point is the same and 
this number is enormously large even at very low pressures. (ii) Even in a very 
small element of the volume, these molecules are in chaotic motion and the dis- 
tribution of velocities would equally apply. As regards the molecular velocities 
the isotropic behaviour is assumed. (iii) The velocities of individual molecules 
are Continuously changing but at any instant the percentage or fraction of _the 
total number of molecules possessing a given velocity, remains constant. This is 
Sometimes mentioned as the ‘steady state’ of the gas. x 1 
Suppose the number of molecules present per c.c. of the gas is n. Consider 
à molecule whose velocity isc. Letcz,cy,cz be its components along three rectan- 
gular axes (X, Y, and Z-axes). Then 
c? = esto te: eee) 


.. Now the probability of this molecule to have its X-component velocity in the 
vicinity of ez, say between cz and cz--dcz, will depend upon (a) some function of 
Cx and (b) the magnitude of dcz, the permitted range. That is, the probability 
Wz is given by, 

Wz = f(ez)dex 


Maxwell then assumed that for this purpose the three components cz, Cy 
and cz, may be considered independent of one another, such that the probabilities 
of the molecule to have velocity-components in the ranges cy and Ccy+dcy, cz 
and ¢z-+-dc, will be the same as the X-component. That is, 


Wy = f(cy)dcy and Wz = f(ez)dez 
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The nature of the function / in all the three cases, due to isotropicity, should also 
be identical. k 

This assumption of the independence of the components ıs certainly not 
obvious and is indeed a weak-point of the theory. It can best be justified by the 
fact that the theory predicts a distribution in agreement with experiment. 

The probability that all the three components would lie between cz and 


. €z-F- dez, cy and cy+dcy, cz and cz--dcz can be obtained from a product of the 
individual probabilities. 


n Wzyz = f(exM(cy) f(cz) dez dcy dcz sa G0) 
The number of such molecules per c.c. would be 
dnc,cyc, = Mex) f(cy) f(cz) dez dey dez owe UD) 


Consider only the molecules having a total velocity c. Suppose the individual 
components cz, Cy, Cz are varied by infinitesimal amounts dcz, dc y, dcz. This means 
that the directions are altered without affecting the speed c. This may be graphically 
represented as in Fig. 1.19. In this diagram, the components cz, Cy, Cz represented 
along OX, OY, and OZ, compute the total velocity c. The point P denotes the 
velocity point (cz, cy, €z ) for the given molecule. All the molecules whose velocity- 


Z dv zdc,dc,dc, 


Fig. L19 


component are within the range cz and cz--dcz, cy and cy+dcy, cz and ¢z+dez, 
must have their velocity-points within the volume dcz.dcy.dcz. The number of such 
molecules would be nd(c)dex dey dez, where 4(c) is some function of c. But we have 
seen that this number, given by (IIT), is nf(cz) f(cy) f(cz) dex dey dez. 


Hence, Kca)flewflez) = He) = peite +e) 

For a given constant value of c, (c?) is constant, so V(cz--c5--c2) is constant. 
i.e., S(ex)f(cy)f(ez) is constant. 
or dficf(cyf(cs) = 0. IE 


<- f'(Cx)deafleyf(cz) + f'(ey)derf(cx)flez) +f'(cadezfleaf(cy) = 0 
Dividing by f(cz) f(cy) f(cz), we have, 

f (ea) f'(cy) '(cz 

Keay e + Hey dey + Fac. M A 


Again from (I), since c is constant, 
Cades + cydey + cde, = 0 


TRTI) 
ie., Beades + Beydey + Bede; = 0 ses (KI) 
where B is an undetermined multiplier. 
Combining (V) and (VII). 
f (ca) 


ES fy) , Hue) 
Fen Bes) dea + (FER + Bey ) dey + (ZED + pe, | de, = 0 


| 
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The variations dez, dey and dez were arbitrarily chosen for a given velocity c 
and as such the quantities within each of the parenthesis must be zero. 


Fea Teyre A 
fo PREIS e E 


On integration, log f(cz) = =e + log A 


= Bex VEG 
or f(cz = Ae T = Ae * 
where A and b are constants. j 


Similarly, fe) m Ae m, ies ee 
The form of the function f is now known. 
Substituting these results in (III), 


a a 2 
dno c ¢ = n.Ade ext 9*2) qc. dey. de; Panes (XS) 
tyz 
: 
or dne ce c. = nA3e dez. dcy . dez "9 (6:9) 
zyz 


To adduce definite values to the number of such molecules, the evaluation of 4 
and b is essential. This may be done in the following way. ; 


Evaluation of ‘A’ and ‘b’. (i) It would be convenient, for this purpose, to 
change the cartesian co-ordinates to the polar co-ordinates. The volume element 
dexdeydez would then be equal to c? sin 0 d6 d¢ dc. (vide Fig. 1.20), The number of 


dv=Cdex Csinedgx dc 


SU 
E d 
g inedé 


Csing 4d IE 


[A 


9c 


Fig. 1.20 


molecules having velocities between c and c+dc within the ranges 0 and 0+d0, ¢ 
and $-++-d¢ will be 


dn, = nA? e P ege. Sin0 d0 db 35.9020) 


If we integrate this for all possible values of c, 0 and ¢, we shall get the total 
number of molecules, i.e., n 


o T 2m 
or IL = nA? f e-terctde | Sin@ dé | d$ 
0 0 0 
l /a 
or n = nA’ AV Bx 2x20" 
whence A= LN swa CLT 
v2 am 


* For the values of the integrals see appendix I.3. 
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(ii) From equation (XI), the number of molecules having velocities between 
c and c+dc, irrespective of directions will be given by 


T 27 
dn; = nA? e"? cède. J Sind dé dá 


oO o 


eR i). ee eae LL. (XH) 
7 


If we attempt to find out the mean-square velocity of all the molecules, we 
can represent the same mathematically as 


3/2 fo 
EFE (2 ) Í e-be? olde 
n T d 


ZW En CEN ES 
7 8 b5 


or E .. (XIV) 


(which shows that v; has the dimensions of velocity.) But from the kinetic 


theory, we have 


—- ORE 3kT 
SS vi aay ve EE) 
$ 3kT 3 
Equating (XIV and XV), "on DE 
or poe < (XVI) (1.37) 
2kT 
ANDES V m 
A= A = at m pee VAT 
and hence / = TkT ( ) 
So, the distribution of molecular velocities may be expressed as : 
3/2 ames 
dne = 4mn (<r) ce "T de 
aa . (1.38) 
MP 9 Tg 
= 4nn Gr) ic 


Graphical representation. The distribution function may be written as 


—me2 


dne _ 2b (um y coe oum 
d y ( 22) "mp ee 


€ 
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For a given gas, the theoretical curve can be constructed at any given tempera- 
ture, by evaluating dn,/dc from the right hand side by putting different values of c 
ranging between 0 and ce. The curve obtained in this way is shown in Fig. 1.21. 


IL 


A ecce ec 


Ca c— 
Fig. I.21. The velocity distribution (Maxwell) 


An examination of this curve reveals the following : 


.. QG) The number of molecules having very small velocities (Lt c0) or very 
high velocities (Lt cea) is practically negligible. 
4 (ii) The number of molecules with a certain velocity range c and c--dc 
is determined from the area given by the product of the ordinate and the velocity 
Tange, as the shaded area in the figure. j 

(iii) The curve indicates a maxima. The velocity corresponding to this maxi- 
mum represents the speed possessed by the majority number of molecules. This 
speed is called the ‘most probable velocity.” We may represent this by cm. 

(iv) With variation of temperature, there will be separate curve for every 
temperature. At higher temperature there will be wider distribution of velocities. 
That is, the number of molecules having high speed is increased. The maxima 
therefore shifts to the right and is flattened with rise in temperature. The value of 
Cm also increases (Fig. 1.22). The areas under different curves are the same since 
the area represents the total number of molecules. 


1000 c—. 2000 


Fig.I. 22. Maxwell's distribution at different temperatures 
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Calculation of the most probable velocity (cm). The condition which would 
satisfy the extremal point in the curve at any given temperature is 


d 
em (dnc) = 0. 


; d 214|[ mà, E - 
Le., FE n(=) (zr) c'e ]- 0 


1 3 | 
where 4, =n (=) H (ser)? = constant, for a given gas at a fixed temperature. 


-mca -mc? 
A, cie T (seize oa, e .2e = 0 
EP mc? 
or 2ce ( 1— me) =0 
There are three obvious possibilities, 
zmer 
O (pm (09d e — 0, when c — « 
A mc? : 
or (iii) (1- tr) = 0, when c = 2kT 
2kT VET 


The first two possibilities correspond to the minima : when c — 0, 
when c — œ, dne — 0. 


The third condition satisfies the maximal point, The velocit: 
to this is therefore the most probably velocity, i.e., 


2kT G 
[^ = CE 
m V n ++» (1.40) 


Calculation of the average velocity (ca). When c stands for the individual 
velocity of a molecule, the average molecular velocity ca may be written as, assum- 
ing the velocity may have all values between 0 and oo, 


oo o 4 s x 
il 1 2\2/ m N3 me? 
E tee » J^) (i) ep ade 


dne — 0 and 


y corresponding 


Ca 
i m 

= (i) (&) 1 Q- be? cade [vide (xvi) above] 
-[2M [my 1 

"m (=) (e) 75 [See app. 1.3] 
r (=)? zt per 2 

mo ODIO oye 
or Qu = SkT 


Sn. -.. (141) 


1.15] THE GASEOUS STATE 31 


The root-mean-square velocity c may also be derived. 


c= Vc 
1 E 1 m NL 
Hence c-—-—| dne = Lf nc? 4a Ea e °KT cage 
n n 2rkT 
ò ò 
Ai 3 es -mca 
E a 4; 2KT 
= 47 ee | cie dc 
0 
2 (2p [^ E s" : mc? 
= val = i x er dx (Putting x = T 
2 /2kTN F3 fla 
= —(—)(=)(vz z 3 
HDO -— 
—O3kT 
RIDE 
So, we know : 
, 2kT 
Most probable velocity, Cm = d 
and Average velocity, A Ca sey 
zm 
3kT 


Root-mean-square velocity, c OF say, c = Y — 


Hence em: Ca: c = 1 : 1.1284 : 1.2284 
This is graphically shown in Fig. 1.23. 
Hence, c, = 0.92c 
Cm = 0.816c 


Gm Cl Cim C 
Fig. 1.23 


LIS Distribution Law of kinetic energy. Maxwell's relation (eqn. 1.38) also 
enables us to find out how the kinetic energy of translation of the molecules are 
distributed amongst the molecules. We can determine the number of molecules 
àving kinetic energies in the range e and-e-+de in the following way: 
: 2e 
Since, e = įm, or c = =, 


We have, 2cde = 2 de 


32 PHYSICAL CHEMISTRY {1.15 


= de de 


A c * 1 2e = V2 
Hence cde = » de my (n) 


From Maxwell-relation, 


dn, = 4zn (oa) KT og 


ak 
3 -e 
Sou VOS 
Eng (5 na) 4 mł 
anve un 
= d 5$ (1.42, 
or dn, JET) e € (1.42) 


This gives the required distribution. 


It is often necessary to know the fraction of molecules in a gas having kinetic 
energies exceedin 


i g a given value «,. Suppose, the number of molecules having 
energies greater than e, is na. Then, 


* 
f = J dn, 
a 
nea 2 s 6 
from eq. (1.42), nir uml dokn. 


a 


Suppose e = kTx?, so that eè = (kT)tx and de = kTd (x2) 


Then 
ne 2 e -x2 
ag a TE x.e " d(x?) 
M d J GRT 
2 e 
ee ue x d(e-*) 
ae 
2 1i E 
SS val fx. e-x? H -Í e-* dx 
Vir 
V GikT V alkT 
n. 6, M za 2 o 
or 1 = (ipea PAY. J - 
n kT CTAR 
5 V ci T 
When &Z-KT, the second integral term in the ri ident 
In these circumstances, © right hand side is almost zero. 


fe 2 (_9_ Xn 
n E Bes [142 ()] 
It be noted t i i : : ; : 
TE may be noted that the quantity on the right side varies rapidly with tempera- 


An approximate energy distribution. The energy distributi s 
, p energ lon, ribution : 
with certain approximations. Restricting the molecular motion i d pide e 
may consider only two rectangular components of velocities. Thus we hic e, we 


= 2162 
dnz,y = nA? e CE qo. dey 


nA? e-*e dc, dey, 
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Changing into polar co-ordinates, 
dn = nA? e-*e c d0 dc. 


Integrating between the limits 0 and 27 for 0, and remembering b = e and 


RT 
A? = 2 we have, 
T 
a 
dn =n. RT e ZRT cde 
dn 1 E 2 
eS E 2 / E = iMc 
or * Rr eT dE, (where iMc?) 
Or Er REIR: 
No 
or n = ng e-ERT dii .. (L422) 


where n, is the number of molecules in a given state and n is the number of 
molecules having energy in excess of E per mole more than that possessed in 
the given state. 

The well known barometric formula may be cited to illus- 
trate the general validity of this relation. 

The density of the earth's atmosphere diminishes with in- 
z ^X creasing altitude. Consider a column of the atmosphere with 
Il unit cross-section. Imagine a thin slice of gas of thickness dx in 

this column in which the pressure difference between the upper 

and lower boundaries of the layer is dP. Then, 


_ —dP = pg.dx 
where p is the density of the gas. . 
Assuming that the atmosphere behaves like an ideal gas 
and that the temperature is constant, 


[ 
f 
\ 
I 
I 
x 
D 
| 
D 
' 
D 


: _ PM 
~~ Isq, em. PARE 
' M; 

Hence, —dP = rus dx 
dP Mg 

or "ivt Mp cain dS 


Integrating between P=P,whenx = 0,and P = P, when x = x, 


in 22 . Mex __ Ep 
Dips ne ERT COURT 
=E 2 
or P, =P, eT ... (1.422) 


where Ep = Mgx = potential energy at altitude x. 


Since the pressures would be proportional to the concentration of molecules 


at the respective altitudes, we have, 
=E 
ZEZ 
Hi = no € RT 


The Barometric formula is therefore a special case of general relation (1.42). 
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1.16. Experimental Verification of Maxwell’s Law. The validity of the Maxwell 
distribution Law has been directly tested by a number of investigators. Though the 
experimental techniques are different, the principle followed was essentially the 
same in these experiments. We may describe here briefly the outline of one such 
investigation carried out by Zartman (1931) and, later on, by Ko (1934). 


x A little bismuth was taken ina steel crucible (C), 
(Fig.1 .24) and bismuth was heated by radiation from 
a hot tungsten filament. The enclosure within the 
crucible was filled up with bismuth vapour and the 
temperature was determined by thermocouples. 
Through a fine channel in the crucible, a narrow 
molecular beam of bismuth streamed out and passed 
up through collimating slits, S; and S, The slits 
could be closed by magnetic shutter M, if necessary. 
Just above the slit S, was kept a rapidly revolving 
drum having a small aperture S4 on the side which 
was co-axially adjusted to S; and S,. Obviously then, 
during the revolution, once in each turn, when the 
drum-slit came opposite to the slit S, a small 
portion of the beam entered the drum. Within the 
drum, just diametrically opposite to slit was fixed a 
glass-plate X with a thin coating of Bi. The molecules 
which entered the slit S, ran straight to the opposite 
wall and deposited on the plate X. Since the molecules 
have different speeds, all of them would not arrive at 
the same spot. By the time, the molecules would start 
from $4 and reach X, the drum moves through a 
4 \ certain angle. The slower moving molecules would 
fication of Maxwell dis- — strike at points further and further away. In this 
tribution Law way a velocity spectrum was obtained on the glass 
plate. The whole assembly was kept at high vacuum of nearly 10-5 mm and the 
drum had a revolution of 30000 per minute. The density of the deposit at different 
points were measured by microphotometry. These densities were proportional to 
the numbers. The knowledge of the diameter of the drum and the frequency of its 
revolution enabled the calculation of the velocities of the molecules. The velocity- 
distribution was found to satisfy the Maxwell relation quite well. 


Fig. 1.24. Experimental veri- 


C. REAL GASES : EQUATIONS OF STATE 


L17. Ideal Gases and Real Gases. Careful experiments have revealed that the 
gas laws such as Boyle's Law, Charles' Law, etc., are only approximately obeyed 
by the various gases. Even at ordinary pressures, the deviations from the laws are 
appreciable. It is only at very low pressures and relatively high temperatures, 
the gases tend to behave in accordance with the gas-laws. Moreover the deviations 
vary from gas to gas. The equation PV = RT (for one mole) is applicable for appro- 
ximate calculations only and is quite insufficient for accurate measurement. In 
order to study the deviations of various gases under different conditions, it was 
found useful to introduce the concept of an ideal gas. A gas, really a hypothetical 
one, which follows the gas-laws rigorously under all circumstances, has been named 
an ideal gas or a perfect gas, as distinct from the real gases with which we carry out 
xperiments. ; 
e The ideal gas will then observe the relation PV = RT and this may, therefore, 
be called the equation of state for a perfect gas. : 
It may be remembered that the gas laws have been derived from the pos- 
tulates of the kinetic theory. Now that these laws are found to be only approxi- 
te, itis obvious that some of the postulates of the theory are inadequate and need 
T LOL The deviations from the ideal laws are primarily due to two factors 
which are not taken account of in the kinetic theory, namely (i) the volume actually 
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occupied by the molecules themselves and (ii) the forces of attraction existing 
between the molecules. 

According to the kinetic theory, the volume occupied by the molecules them- 
selves is regarded as negligible compared to the total volume of the gas, i.e., the 
gas-molecules are regarded as point-masses in an ideal gas. But in a real gas the 
volume of the molecules themselves is quite appreciable at ordinary pressures. 
To obtain a clear picture, let us have a quantitative idea. 


At N.T.P. one gm-mole occupies 22400 c.c. (approx.) and contains 6 x 10?? molecules. The 
volume available for each molecule on an average is thus 22400/6 x 10°* = 3.7 x 107% c.c. 
The collision diameter (sec. 1.19) of a molecule c = 2 X 10-5 cm. approx., so that the space 


; : .4 4 
occupied by each molecule itself is auo = am (2x1075)? &2 3.3 X 107?? c.c. That is, at N.T.P., 


the space occupied by the molecule itself is about one-thousandth of the volume it 
inhabits. 

If the pressure be increased to say 10 atmospheres, the volume inhabited by a molecule would 
be approximately 3.7 x 10-?! while the space occupied by itself will be unaltered. So, the molecule, 
for its own existence, would take up one percent of the volume, which is by no means negligible. 


Again, in the kinetic theory it has been presumed that no inter-molecular 
force exists and as such the collisions are perfectly elastic, the energy is all 
kinetic. But, in fact, there does exist a force of attraction between the molecules. 
On cooling, the gases are converted into liquids when the molecules exhibit appre- 
Ciable cohesion. This indicates that a similar attraction exists between the 
molecules in the gas-phase also. A more clear evidence comes from the experiments 
of Joule and Thomson. When a stream of gas is allowed to pass through a porous 
plug of cotton or earthen-ware, there is a fall of temperature called Joule-Thomson 
effect. The only explanation is that the outgoing molecules have to overcome the 
attraction of molecules from behind and thus have to perform work. The energy 
thus spent causes the lowering in temperature. In an ideal gas, there is no attrac- 
tive force between the molecules and hence no cooling would be expected. 

Due to inter-molecular attractions, the number of impacts on the wall is 
restrained, i.e., the number of collisions with the wall would have been greater if 
there were no attractive force on the colliding molecules from behind. In conse- 
quence the pressure exerted on the wall isless. Thus the pressure of one atmosphere 
actually exerted by oxygen, at 0°C, would be about (1-i-0.0025) atmospheres had 
it behaved as an ideal one. 

It is only at very low pressures when the gas-volume is quite large the space 
Occupied by the molecules themselves becomes negligible comparatively ; and 
because the molecules are then far apart, the force of mutual attraction becomes 
too feeble. So, at very low pressures, the real gases would satisfy the postulates 
of the kinetic theory. That is why real gases are observed to obey PV = RT relation 
at very low pressures. The expression PV = RT is therefore a limiting law only. 

Before proceeding to obtain a P-V relation which would present the behavi- 
Our of real gases in all conditions, we may examine some of the experimental facts 
to find out the nature of the failure of the ideal gas equation. 


L18. Deviations of the Real Gases from the Ideal Gas-laws. Experiments from 
different directions have shown that the ideal gas-laws are inadequate for 
ae the behaviour of the real gases. Some of the results are mentioned 
here. 

(a) In accordance with the Boyle’s Law, PV = constant, at a given tempera- 
ture, the pressure of a gas plotted against its volume would give a rectangular 
hyperbola. At fairly high temperatures, the P-V isothermals are found to be 
hyperbolic, though not exactly coinciding with the rectangular ones theoretically 
predicted. But at temperatures below the critical ones, the P-V curves are far from 
hyperbolic and really exhibit two discontinuities. The historically famous experi- 
ments of Andrews on the study of relations for carbon dioxide are represented 
in Fig. L8, which indicates the wide deviations from the Boyle's Law. Similar 
deviations are observed with other gases too. The failure of the relation, PV — RT 
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to predict a change of state is its major inadequacy. A correct equation of state 
should account for the behaviour of the substance in both the phases, liquid and 
gas and also in a state of their co-existence. 


(b) The coefficient of expansion (a) of the different gases will be given by 


(equation 1.19), 
1 /8v 1 3 nR zb 
v oT P "op ipae 


That means that a will be independent of the nature of the gas and will be a func- 
tion of temperature only. At ordinary pressures, a for different gases is however 
found to be different and it also depends upon the pressure. This is obviously 
contrary to the gas-laws. Thus at 500 atmospheres and ordinary temperatures, 
the coefficients of expansion of hydrogen, nitrogen and carbon dioxide are Hy, 
278 x 10-5 ; Na, 315x 1075 ; CO,, 349 x 10-5. 

(c) Again, from the ideal gas-laws, the coefficient of isothermal compres- 
sibility, B should be (equation. I.21), 


qe, Woe Wehner L 
m ONO a I ie) cte Xp 
That is, B should be a function of pressure only and be the same for all gases. 
Experimentally, however, the coefficient of compressibility is found to be an indi- 
vidualistic property. , - 
In the last century, Ragnault and, later on, Amagat made extensive studies 
of this aspect. At a given temperature, PV should remain constant according.to 
the gas-laws. Hence, PV plotted against P, should be a straight-line parallel to the 
P-axis. Amagat made measurements of volume over considerable ranges of pressure. 


The isothermal curves of various gases obtained are of the nature as shown in. 
Fig. 1.25. 
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Fig.L25 PV-Pisothermals of gases 


None of these curves are linear or parallel to the P-axis. In the cases of carbon 
dioxide and nitrogen, the PV-value first diminishes, reaches a minimum and then 
increases, forming a cup, with increase in pressure. In the case of hydrogen, the 
PV-value begins to increase continuously from zero pressure. Hydrogen, how 
ever, is not an exception. It is known that if the temperature be made sufficiently 
low. 1 hydrogen would also exhibit identical behaviour. It is thus seen that at low 

, 
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ranges of pressure, the gases are more compressible than what is expected from the 
ideal laws. In high pressure ranges, the compressibility becomes less than what is 
ideally expected. 

It is also interesting to note the variation of the PV-P relations with tempera- 
ture. In Fig. 1.26 are plotted the PV-P curves of carbon dioxide at different tem- 
peratures, which are also typical of other gases. It is seen that the extent of higher 
compressibility decreases with rise in temperature. As the temperature increases, 
the troughs of the curves become shallower and flattened. The minimal points 
of these curves lie approximately on a parabola, shown by the dotted line. At 
relatively high temperatures, the minimals gradually approach the PV-axis. 
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Fig. 1.26 PV-P isothermals of carbon dioxide 


| There exists for every gas a characteristic temperature, where the curve (PV-P) 
runs sensibly parallel to P-axis from zero pressure to moderate values of pressure 
P). It means that at this temperature, the value of PV remains constant for an 
appreciable range of pressure, i.e., Boyle's Law is obeyed. This temperature 1s 
known as the Boyle temperature or Boyle Point of the gas, Ts. Mathematically 
we may express the Boyle point as the temperature where 


a(PV) . 
Mp 0, when P — 0. 


(d) The cooling due to Joule-Thomson effect is another evidence of the devia- 
tion of the real gases from the ideal ones in their behaviour. According to the 
kinetic theory, the energy of a given quantity of gas depends on the temperature 
only and is independent of the pressure or volume. But in fact, when a gas 1s 

4 allowed to pass through a fine orifice or porous plug from a high pressure to 

J vacuum (say), the temperature drops down generally. Under certain circumstances, 
there may also be temperature-rise. This is obviously contrary to the expectations 
from the theory. 


(e) The volume of a gm-mole of any gas at a constant temperature and 
| pressure should be the same according to Avogadro’s Law. The gm-molecular 
volumes of different gases at N.T.P. experimentally measured are found to vary 


ee 
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as shown below. The Avogadro’s Law therefore is an approximate one for real 
gases. 


Molar volume at N.T.P. 


Oxygen 22394 c.c. 
Nitrogen 22400 c.c. 
Hydrogen 22425 c.c. 
Carbon dioxide 22264 c.c. 
Ammonia 22090 c.c. 


All these observations clearly show that the kinetic theory does not correctly 
represent the behaviour of real gases. 


1.19. Collision Diameter. We have attributed a finite size to the molecules. 
Assuming that the molecules are elastic spheres of radius r. the volume of the body 
of a molecule only, say b,, is 
b = tae 2s 0143) 
It can be easily seen, that whenever the distance between the centre of a 
selected molecule and the centre of any other molecule is less than o ( = 2r), 
the diameter of the molecule, there will be a collision (Fig. 1.27). The sphere of 
radius o surrounding a molecule, into which the centre of no other molecule can 
penetrate is called the ‘sphere of influence’ of the molecule, or the effective volume. 


Fig. 1.27 
The volume of this sphere is B (say). Then 
B = $r iso 
WO B= X 
Obviously, B — 8b, ... (1.45) 


The radius o of this sphere of influence really represents the distance of the centres 
during collision of two molecules and is called the collision-diameter. 


1.20. Equations of State for Real Gases. Many attempts have been made during 
the last hundred years to modify the equation of state for perfect gases and trans- 
form it into a form which would represent the P-V-T relations of real gases. All 
these relations are derived on empirical or semi-empirical basis. Some of these 
equations are : 


Van der Waals : (P+ x) (V—b) = RT 


Dieterici : P(V—b) = RTeRTV 


a 
: Vb) = RT 
Berthelot ( Diets Al (V—b) 
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| Clausius? : ( Ei (V—b) — RT 
Keyes? Pm aa — Jp 
Beattie-Bridgeman? : P — RAS (V4-B) — á 
Saha & Bose* : P= - ET 108 (1 - Eu 
| Wohl: uelis ERE nm * ^ 
Reinganum^ j ( P) ( V-be-eiRT ) = RT 


Kammerling Onnes?: PV = RT ( Hen e Ll... ) 


etc. etc. 


We shall briefly discuss here a few of these equations. One of the earliest 
and more widely employed equation is that of van der Waals. 


L.21. van der Waals’ Equation. van der Waals introduced two correction terms 
one for the pressure and the other for the volume into the ideal gas equation in 
order to rectify the error for neglecting the inter-molecular attraction and the 
Space occupied by the molecules themselves. 

The molecules attract one another with a force which varies inversely as some 
power of the distance between them and as such the attraction would be apprecia- 
ble within small distances. A moleculé X at the interior of the mass of gas is attrac- 
ted equally in all directions. These forces would cancel one another and the mole- 
cule X would remain unaffected. But a molecule Y very near to the wall would be 


poe 


Fig. 1.28 Fig. 1.29 


pulled inwards by the neighbouring gas molecules and hence has an unbalanced 
| attraction (Fig. 1.28). In consequence, the molecule Y will strike the wall with a 
lesser momentum. This is true for every molecule colliding with the wall. The 
pressure thus exerted is therefore less than what it would have been in absence 
of inter-molecular attraction. If this decrease in pressure be denoted by p’, 
then the ideal pressure would be P-+p’ where P is the actual observed 
pressure. 
. . It is also easy to see that the space available for free motion of the molecules 
isless than the volume the gas occupies. Suppose a molecule A (Fig. 1.29), is.mov- 
ing at rt-angles to the two opposite walls of the containing vessel whose distance 
is |. If the molecules were point masses, the distance to be travelled by a molecule 
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between two successive impacts on the same wall would be 2/. But the molecules 
have dimensions, and therefore the distance actually covered by the molecules is 
(21—c), where o is the diameter of the molecule. This is true for all molecules. 
As a result, the space for free motion of the molecules would be measurably 
reduced. Suppose v' denotes the reduction in space, then the true volume for 
motion of the molecules would be V—v’ where V is the volume of the gas. We may 
then write the equation of state, corrected for the volume and the pressure, of a 
real gas in the form 
(P+p') (V—v') = RT. 

van der Waals proceeded to find out the magnitudes of the correction terms p' 
and v’ in the following way. 

Pressure correction, p'. During collision a molecule changes its velocity. 
When it approaches another molecule, there is a drop in velocity. This is followed 
by an acceleration on separation. Every collision therefore causes a certain loss 
of time v. This time 7 is a measure of the inter-molecular attraction and is there- 
fore also a measure of p’, the inward pressure. 

Letus imagine that the molecule would strike the wall z times per second if there 
were no inter-molecular attraction. During its journey to make z bombardments on 
the wall, suppose the molecule makes x inter-molecular collisions. The x collisions 
will take up x7 seconds. Now, because of the existence of inter-molecular attrac- 
tion, the time needed for making z bombardments on the wall would be 1--xc 


z 
1+xr 


is proportional to the rate of bombardments. If P is the observed pressure 


Ard ko the ideal pressure, (the pressure corrected for inter-molecular attraction), 
3 


seconds. That is, in 1 second it would make 


bombardments. The pressure 


Il 


1+xr 


bes Po = P(1+x7) = P+Pxr 


ith Now, x, the number of molecules which the particular molecule would collide 
with, 18 proportional to its own velocity c, and the density of the gas, p. That is, 


x = k'ep (where k' = constant) 
So, Pxr = Pk'cpr 
molumNci- r 
=3 y -Kepr (approximately) 
1 
m (5 emere) BE ( since p =") 


It is assumed that for a definite amount i ity withi 
3 : ofa a ithin the 
parenthesis remains almost constant, and is substituted by ae dE uM. 


So, Pxr = 2: 
There is no evident justification for this assumpti 
m ; h : ption but nevertheles 
of ‘a’ experimentally determined shows sensible constancy unless the Sarena 
is widely varied. This assumption is indeed a weak point in van der Waals’ 
.reatment. The pressure of the gas, corrected for molecular attraction then 


P, = P+Px7 = PIA 


The quantity pis the additional amount of pressure, (p^) to be added 
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to the observed pressure P. This is often called the cohesive pressure or internal 


pressure.* 

Volume correction, v'. Consider a gm-mol 
of a gas occupying a volume V. In deducing 
the ideal gas equation, the molecules were re- 
garded as point-masses and hence the entire 
volume V was available for movement of each 
molecule. Since the molecules have definite size, 
the volume or space available for molecules to 
move about in real gases would be less. Assum- 
ing the molecules to be spherical, suppose r is the 
radius and c (= 2r) be the diameter of a mole- 
cule of the gas, so that the volume of the body 
of each molecule, b, — $zr?. 

When two molecules encounter each other, 
the distance between the centres of the two molecules would be c. These cannot 
approach closer than this. In consequence, as shown-in the figure, a space indi- 
cated by the dashed circle having a diameter c, will be unavailable to the pair of 
colliding molecules. This space, often called ‘excluded volume’ for the pair of 
molecules is 470°. 

Then, the excluded volume for each molecule, 8’ = 370%. But the volume 
of the body of each molecule; b, = dcr? = 4703. 


[Excl uded volume for a pair of 
molecules] 


hence, B' =46,. 


For a gm-mol of the gas, on an average, such excluded volume will be, 4.No8’ =b 
(Sày), which is a constant. 
The volume correction v' is thus 5, which is equal to four times the actual 
Volume of the bodies of the molecules. The observed volume should therefore 
€ reduced by this amount (b) in computing the pressure of the gas. The volume V 
Should be replaced by (V— b). 
The equation of state, corrected for the two factors, takes the form. 


ve 


G eed | (V—b) = RT (for | gm-mol) . . . (1.46) 


This is known as van der Waals equation. ) 
b If n gm-mols of gas be present in volume V, the volume of one gm-mol would 
€ Vin. So, we have, 


[2:557 (Vin—b) = RT. 


or (^ JE me) (V—nb) = nRT . « . (1.46a) 


* ; a AL 3 5 Mas db , 
The cohesive pressure ua may also be obtained from the following considerations. The 


interna] pressure will be proportional to the number of molecules colliding with walls. This 
Number is proportional to the density of the gas. Again, the force acting upon each colliding 
molecule is proportional to the number of molecules in the interior, and this number is also pro- 
portional to the density of the gas. Hence, internal pressure is proportional to p^. Or, 


p'- kp = 1. (where a is a constant). 
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1.22. Validity of the van der Waals Equation. Although the two obvious correc- 
tions necessary have been introduced in deriving the van der Waals's equation, a 
critical examination of the equation shows that the equation is not wholly satisfac- 
tory. The following considerations would be revealing: 


(a) The two constants ‘a’ and ‘b’ of the equation are different for different 
gases, and these are experimentally determined, as shown later in section (1.23). 
With the knowledge of ‘a’ and ‘b’ for a given gas, its P-V isothermals are plotted 
at different temperatures (T) from the equation. These isothermals may then 
be compared to the experimental isothermals (Andrews curves). A set of such 
curves at different temperatures are shown in Fig. (1.30) for carbon dioxide. The 
ae ae curves are given in bold lines and the experimental ones in dotted 

nes. 
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Fig. 1.30 P-V isothermals of CO, 


It would be readily seen that at high temperatures the theoretical and the experi- 
mental curves coincide and the van der Waals equation is quite satisfactory. But 
at low temperatures there is a considerable divergence between the experimental 
and the theoretical curves, specially in the region where we know, the conden- 
sation takes place and the liquid and gas are co-existing. At low temperatures, 
the theoretical curves show a ~ -shaped formation with minima and maxima in 
the region corresponding to the straight horizontal portion of the ‘experimental 
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curves. Let us examine one such curve, say at 21.1?C, as represented theoretically 
by pqrstuv. The liquid range pq almost follows the experimental curve, so also 
7 the purely gaseous range uv. But the portion qrstu remarkably differs from the expe- 
rimental straight path qsu, when liquid and gas are present together. The portion 
ut represents undercooled gas, (this portion being part of the isothermal 
of a little higher temperature), and can sometimes be experimentally realised. 
Similarly, the portion gr which represents superheated liquid, may also be obtained 
under certain conditions. But the portion rst of the theoretical curve (minimum 
to maximum) represents a condition in which the volume of the system would 
| increase with pressure. This is the most unstable state of the system and can 
| never be realised experimentally. So, in this range, the equation of van der Waals 
| fails to represent the ‘behaviour of the gases. 
| . That van der Waals equation is decidedly an improvement over the ideal equa- 
tion of state will be borne from the data in Table A below where we may com- 
pare the observed pressure of a mole of gas with those calculated from the two 
equations. In Table B the PV -values observed and calculated from van der Waals 
are compared. 


TABLE A (Temp. 100°C) 


Pressure calculated from 


Pressure 
Gas observed | ideal eqn. | deviation van der Waals deviation 


Hydrogen 15 723 — 3.6% 75.7 
| 100 95.0 — 5.0% 100.8 


Carbon dioxide 15 92.3 +17.3% 73.2 
100 133.5 +33.5% 95.8 


TABLE B (Ethylene at 293°K) 
PY (arbitrary units) 


Pressure 
(atm.) obs. 


van der Waals 


(b) Further examination of the isothermal of Fig. 1.30 shows that when we 

| Proceed from the lower to the higher temperatures, the ~ -shaped portions of the 
Curves gradually diminish and the maximum and the minimum points come closer 

and closer. The ~ -shaped region including the maximum and minimum points 
Correspond to the range of condensation of the gas. The maximum and the mini- 

mum points actually coalesce at a point C in the curve corresponding to the critical 

\ temperature Te. Above this temperature, liquefaction is not possible and the 
j maximum-minimum display of the curve is not seen. The point C is therefore the 


| critical point. Since the maximum and the minimum pts. have coalesced at C, 


; 3 : oP 
this point is a point of inflexion, where the first differential (7). and the 


Second differential (27:) should both be equal to zero. That is, 
T 


pu - 
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PRT a 
| y—b P 
DOREM TE. 
(5r pue (by vin 
ORNs TORT S e. 6d 
(i), (vy rv 
At the critical point, T = Te. Then, from above, 
_RTe _ 2a ze) 
Te- = vs ; 
2RT. _ 6a Beet 
(V.—bys ya 
Dividing (i) by (ii), re —... E 
oes spores ire —b)? 8 
Substituting (iii) in (i), pIE vi LO WEE 3785 
sop tes RTk » diit Sas. ul 


3 a oed. 
V.—b Ve Zh Qb-b 9b» OLF = m 
Thus, for a van der Waals gas, the critical constants are given by, 


8 
Ve = 3b, Pa = ae Te = RF ZO T1247) 


The equations in (L47) may be transformed to express the van der Waals 
constants ‘a’ and ‘b’ in terms of critical constants. 


29 IRT 

a = 3 RT, b= Q7. 

a = 3P,V è pe d Ve ... (148) 
— 27 RT? 
| 64° P. 


It can also be shown that the ratio e E often called the critical coefficient 
cre 


would be constant. 3 


eel SM LODS cres . (1.49 
P. TTb a 3b nas 2.66 .. (149) 
van der Waals' equation then predicts that 


(i) the ratio = should be equal to 3.00 


3 s f RT 
and (ii) the critical coefficient P. should be equal to 2.66. 


The critical constants are determined separately by the methods mentioned 
in sec. I.3. The value of ‘b’ is obtained by the study of the P-V isothermals at higher 
temperatures, The values of V c/b are given in Table C below, which shows the ratio 
is not strictly a constant and its magnitude is approximately equal to 2.0. In Table 
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D, the critical coefficients of several substances are given. Here again, the values 
are much higher than 2.66 and these are not strictly constant. These go to show 
that van der Waals equation is not an accurate one. 


TABLE C 


Substance 


Substance 


Helium : 3.084 | Methane 3.47 
Argon 3.424 | Ethane 3.64 
Neon 3.086 Benzene 3.75 
Hydrogen 3.06 Pentane 3.76 
Oxygen 3.42 Octane 3.87 
Nitrogen 3.42 | Chlorine 3.63 
Carbon dioxide 3.49 | Chlorobenzene 3.78 
Sulphur dioxide 3.61 Carbontetrachloride 3.68 
Water 4.39 Ether 3.81 
Ethyl alcohol 4.02 Ammonia 4.12 


(c) We have seen from the Amagat's curves (PV —P isothermals) that at the 
Boyle temperature, a real gas tends to obey Boyle's Law. The minimum of the 
PV—P curve is on the PV -axis (i.e., P = 0). 


H i Soir en 9, 
ence for the Boyle point, Tp, at PSO [ IP |r 0 
Th J we ORE a " 
e van der Waals equation, P = y y? may be written as 
|. RTV a 

PV = y yY 

Differentiating at constant temperature, 
BCP Al. a RE EERTE ga (3 
[ 3P ibs = [7-5 (bP y:] aP |r 


DREG oV 
(y—b t vl (arl; 
PV bRT; a 
So, at the Boyle point, where [07 ie =0, we have TF B 
rememberi 9v be zero. 
ering | ap dunt e zero. 


v—b\? 
Hence Tg = 8 Cz) : 


Since when P — 0, the volume V will be infinitely large, i.e., V—beV 
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From van der Waals equation, we have seen (eqn. 1.47). 


8a 
fige 27Rb 
Hence, the ratio Tu eget... 3.375 Z5 (1550) 
Tis 8 


The experimental determinations, however, show that Tg/T. is almost constant 
but the magnitude of the ratio approaches 2.98 instead of 3.375. The van der 
Waals equation, therefore, is only qualitatively valid. 


TABLE 


. (d) Reduced equation of state. Since the critical constants are definite quanti- 
ties for a gas, it is possible to express its, P, V, T, the pressure, volume and tempera- 
ture in any given state as multiples or sub-multiples of the critical values. Let 
us say, 

P = rP, V = $V.and T = 6T, 


where z, ¢ and @ which are numbers called reduced pressure, reduced volume 
and reduced temperature. These numbers indicate how many times the critical 
Values are greater or smaller than the respective given quantities. 


The van der Waals equation may then be changed as, 
(P+ yx) (V—b) — RT 


o saknad das en 
r ("P ps) ($V.—b) = ROT, 


Substituting the critical constants by equation (1.47) we have, 


ku! a a 
[zs + giga) Gb) RU rk 


or («+ a) Q$—1) = 86 


This relation in terms of the reduced parameters of the system is called the van 
der Waals reduced equation of state. 'The most interesting aspect of this relation 
is that it would be applicable to all gases, since it is independent of the constants 
a, b and R. . 

The equation implies that if two substances have the same reduced pressure 
m (i.e., their pressures are m times their respective critical pressures) and are also 
at the same reduced temperature 6, (i.e., their Temperatures are 0 times their respec- 
tive critical temperatures), then their reduced volumes $ should be the same, (i.e., 


the ratio + should be the same). Substances under such conditions are said 
c 

to be in corresponding states and the principle laid above is called the /aw of 
corresponding states. 3 

It gives us a clue to test the validity of the van der Waals equation from which 
this relation is derived. By maintaining different gases at the same m and 0, we 
can find out if 4 is the same. In the table below are incorporated the data for a 
number of gases, which show that the law of the corresponding states is approxi- 
mately obeyed. That is, van der Waals equation is not quantitatively valid and 
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is only an approximate one. The equation can be tested in any homogeneous phase 
liquid or gas. 


CORRESPONDING VOLUMES OF DIFFERENT SUBSTANCES 


— 0.08846 0 = 0.73—0.75 
= Viiquid $, = Veas 
Ve y 


Vc 


Substance 


Benzene 

Hexane 

Octane 
Chlorobenzene 
Carbon tetrachloride 
Ether 

Ethyl acetate 

Ethyl alcohol 


1:23. Methods for Determining the Values of ‘a’ and ‘b’, Different methods have been employed 
to find out the magnitudes of the van der Waals constants ‘a’ and ‘b’ for a real gas. The principles 
of some of these methods are mentioned here. 


. (i) From the pressure coefficients. 
RT a 
Weh p2————— 
or Q-b v: 
oP R 1 a 
ES es ee egg m 
EE y-b T ( Ty 
ð 
or ST ( =) =P 
ys 97), 
3i PE s 
nce pressure coefficient B’ = P mae. 
a 1 
s iis '—-2 do o 6) 
o ys TP. (° 7) 


Experimental determination of the pressure-coefficient B' and the parameter of the system, 
would thus enable us to determine ‘a’. 


nd oP R 
Again since (ce) * E 


ce A V—R =) yee 
4 E Y = lee y p'P 


The values obtained thus would be applicable in the range B' is determined, 


[i 


I 


(ii) From compressibility coefficient, B. 


B 1 43V i (2 1 
pas E ES [1 (ERES 
y =a) s] BV 
RT a 
m zd) 
Now P, vb r 
f n aP\ E TUTO 
an Gy) vp ys 


P POGO) 


. Solving the equations (B) and (C) with a knowledge of f, the values of a and 6can be obtained. 


EE  eCOCCCitC:tCC(NCCC(C((#(#é#wN......... wee 


48 l PHYSICAL CHEMISTRY { 1.24-25 


(iii) From the critical data. We know, from equation (1.48), 


27 RT, 1 AT, 
EC ———s'and pies S a 
MN COE: P, 


The critical constants T, and P; are experimentally determined and the values of ‘a’ and ‘b’ then 
calculated. The values obtained are approximate as the van der Waals equation is not accurate 
in the critical region. 


The values of ‘a’ and ‘b’ for some common gases are given below(a in atm-litre?/mole?, b in 
litre[mole) : 


0.244 1.36 1.39 3.59 4.17 2.25 1.35 0.034 
0.027 0.032 0.039 0.043 0.037 0.043 0.0322 0.024 


The values of both ‘a’ and ‘b’ are actually found to vary with temperature and volume at 
which they are measured, With rise of temperature, the value of a diminishes, i.e., the attractive 
forces tend to decrease. The value of ‘b’ also decreases slightly with rise in temperature. 


1.24. Modified form of the van der Waals equation. The equation of yan der Waals may be written 


as, 
a b 
PIi — = = 
( ed a (1 A) RT 
Or IB Ss ERT (I = aa 1+ b (neglecting higher powers) 
PV? V 
b a 
= RT —— —_ 
(: QT E) 


On a first approximation, we may write, 


Baa (ti o) - ar[ite (2 ~ oe | 


RT RT: RT RT 
ie., ry gr (1 a0) 
b a b 
where A = Se =- 2 T5 XI 
ARS RUND ar! zer 
LIRE Lyte ep, 1 
8 Pi RT OEP RT. x] 
cd jet T 
ew 8 $] 


on substitution of ‘a’ and ‘b’ by critical constants from eq. 1.48, 


1.25. The Dieterici Equation.* Another equation of state was proposed by Dieterici 
in the empirical form, 


A theoretical basis for this equation was later developed by Jeans. The volume 
Correction here was evidently the same as that in the van der Waals equation. 


-a 
For the correction of pressure, Jeans introduced the exponential factor eRT, 
The reasonings given by Jeans may broadly be stated as follows. A molecule in 


* Dieterici, Wiedem, Ann 66, 826, 1898 ; 69, 685, 1899, 
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coming to the wall from the interior has to overcome the forces of attraction and 
thereby attains a potential energy higher than that possessed by a molecule in the 
bulk. In consequence, the density of molecules near the walls will be less than that 
in the interior. If n and n, denote the number of molecules per c.c. at the walls and 
in the interior, then, according to the distribution law, 
_A 

MEER 

No 
where A is the excess energy per mole at the walls. 

If p and po, and P and P, denote the densities and pressures of the gas at the 

walls and in the interior, then 


eB. E 
Ho Po P, 

A 
dk e RT or P, = P.erT 


Remembering that Po, the pressure in the interior where the cohesive forces from 
all directions cancel each other, is the ideal pressure, the equation of state is 


A 
Pe®™ (V—b) = RT 


or iP 


It was, however, soon realised that A depends upon the volume. The equation 
was then modified to the form, 


RI. — 
r 
which is known as the Dieterici Equation. 

On expanding, the.equation may be written as, 


joe RT? CSS) 


RT a NS 
P= yali- xt? (ar) ~ ~~] 
RT a , 
= SS AA cting other terms 
V8 yp electing ) 
At low pressures, the volume is very large so that V—b eV. 
RT a 
Hence, P= y-P Yi 


This is the same as the van der Waals equation. At low pressures therefore, the 
two equations would respond to the same extent. E fy 

The extent of validity of the Dieterici equation may be examined by comparing 
with experimental results, the Ve/b ratio, the critical coefficient and the Boyle 
temperature as we did with the van der Waals equation. 


(a) Velb ratio. Putting RT = c, we can write the equation as 
PRIUS EG 
P= E Y 
oP RE RE ees 
Hence, eal = — (ar EV - reaps Wace 
jg c 
vor yarn yi 
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1.25] 
OLR ae 1 oP P CIE o BA Tela P6 
ang (a=); = yp sr] to ctp (ar) p 
c FOR. c ae P irae 2e 
(5v) [5 p] 3 loo ys] 
At the critical point, both the first and the second differential coefficients would 
be zero. Hence, 
DRM NO Mp. Pie B vw ali ; 
when (3% = 0, Ve ~ yg 95 an m EX 
| GEIA a m 2c pr esi 
sime (a) m erm pr on BS = (By 
Ve c d 
3 = Ve—b or Ve = 2b, ie, 32 =2 so (iD) 
(b) Critical coefficient, IRIS. At the critical temperature T c= t. 
EV. e RT; 
n yp. 4b? 
Now fi bove, LUI MENS LT 
ow from (i) above. c VIS. 4b 
: ED = 4b, or Ty = f. . siti) 
Th RT. gp a 1 x 
itical MM HONEURTII c 2b 
€ critical pressure, Ps V, e^ Tc Ab2b 6° 
a ^ 
E api . e (iy) 


So, the critical coefficient, RIR ael tb: 


E: 2 2 
PWe Abbat ie 3.695 
(c) Boyle Temperature, T5. 


Multiplying by V, the Dieterici equation is 


ARMES. MA RIV RTV a 


iie E EM A (y) ote ji vs la 


oV 
We know, ap * 0, and at the minimum of Amagat's curves, aey Ies 0 

» RI c La 
V-b Tt 75: RT = 

" RIVE 1 1 5 
væl JV. p + erp | = 0 

, T MT T eee b 

S RIVA” Ve AV yg 

or RT = a D 


by 
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a(PV) _ 


At the Boyle point, T5, the minimum lies on the PV-axis ; i.e., P—>0, ‘ Sp = 0, 


and V is very large so that V—b e V. 


v= 
Rig. = $- dem 


© 
a 


ü 
| 


But from (iii), RT, = = 
Hence, B = 40 


We may now make a comparison of these deduced values with those experi- 
mentally observed and those obtained from van der Waals. 


van der Dieterici’s Experimental 
(average) 


3.0 j 2.0 


2.66 H 3.6 


2.98 


Obviously, the equation of Dieterici is not wholly satisfactory and its limitations 
are nearly the same as that of van der Waals. 

. (d) Reduced equation of state (Dieterici). A reduced equation from the 
Dieterici's equation may also be easily derived. As before we put, 


P V Ty 


T Pe p= Ve ne gs 
RT -i 
Th = r 
cn P E RT 
ROT. RoT eY, 
or ES 
aD» iV. b crc 
-1 
Substituting the critical values from (ii, iii, and iv), 7 e=? = xr e 
vee 
a v (2p—1) = 6, e s (1.54) 


This is the desired reduced equation of state. 


1.26. The Berthelot Equation.* The next equation we shall consider is the one 
empirically proposed by Berthelot, in the form : 


a 
a zy a (L55 
(r aa b) RT (oS) 
The form of the equation is the same as that of the van der Waals except that the 


: oak LAU a 
cohesive pressure correction is gy instead of ys 

Berthelot, however, procecded to modify this equation in the light of some 
experimental results. He started with the assumption that the volume-correction, 
4, which is the unavailable space for the molecular motion, should be equal to the 
volume occupied by the liquid subcooled to absolute zero of temperature, say Viy. 


* Berthelot, J. physique, 8, 263, 1899. 
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That is, b = Vio. To determine this the Cailletet and Mathias curves were 

extrapolated to absolute zero. The density of the saturated vapour is then zero. The 

density of the liquid will be then twice the mean density (obtained from the curve). 

From the density of the liquid at 0° Abs., the value of Vig was calculated. The 

determination of critical volume V, and supercooled liquid volume Vi, showed 

that the ratio V/V, is approximately 4.0. Berthelot thus assumed that 

1 : 

b= 4 Ve 5 CE) 

For the other two constants a and R of the equation, he accepted the experimental 
values which were 


ll 


16 DET, and R = 22PcVe 


3 iy T, epe Gh) 
3 1 sea 2 
Since DE a Ve, we have T,2 = SER e. D) 


The original equation may then be transformed. 


(ina) (V—b) = RT 


4 a ADIPE aP 
or Py = Creme EDT RIED ies 
Pb aP 
= [1+ ap — xu] 


mi Pb a 
= 2 1+5(g-g)| 
Substituting a, b and R by the critical constant values given in (i) and (ii). 
PV, 9T 16 BIT? 1 
PV = nT[ 1 dU PN C (ped Pic T 
Risak QR. 3 PV Py 7) | 
f 9 PT, 6T 
= mi i3 Tp. (1 — FS) ». : (1.56) 
The equation in this form has been found 


in determination of densities, hi 
changes etc. 


Differentiating the equation (1.56) with respect to P, we have 
SE te 2. Ts (1 ~ F) 


und to be useful in several cases, specially 
eat capacities and in the evaluation of free energy 


oP ' 128° TP; T? 
At the Boyle point, 20) = 0, hence, 
VOR] 
Tj 7g. o z = V6= 2.45 -e (57) 
which is somewhat lower than the experimental value 


Note : If equation (1.55) be considered, the critical constants would be 


Vy cap ERTA eer eal 


RASO T, 
27b" RT, gp 89 z—— = g[3, 
the same as in van der Waals. 


1.27. The Equation of Kammerling-Onnes, A 


3 a z general and mo i » 
sion for the equation of state is due to Onnes, Te satisfactory expres 


Written as 
BO» E 
E ig Lg tee tu PRE) 


DEN 
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where A; .B, €, D, ete 22s are called first, second, third, etc., virial coefficients. 
These coefficients are constant at a given temperature. The equation is also some- 
times expressed in the form : 


Bi Ce ) 2. . (159) 


Py = ar (14 74 tpt: 

On the other hand, Holborn and others use a virial equation in which the 
product PV is expressed in a power series of the pressure, as 

PV = A\+B,P+C,P?+D,P3+... .. . (160) 


Evidently, A = A, = RT. It may be mentioned that the second virial 
coefficient is of major importance in these equations. Other virial coefficients of 


V 


The different equations of state mentioned earlier can also be given the virial 
form. For example, the van der Waals equation may be written as i 


higher powers of ( 4 ) become significant only at high pressures. 


EEE 
or rv=r[1+(5- f)at] 


GANI ] 
ex [1e (5-3) 
Comparing with equation (1.58), the second virial coefficient 
B — bRT—a «n (E61) 
At the Boyle temperature, the second term must vanish, i.e., B = 0 


a 
Ex bRTz — a =o or Tp = BR 
a result deduced earlier. Again, the Berthelot equation, 


2 
PV = aT tpg ee (1- J? 


Pe T? 
Hence, the viri ; ORT ( SE) 
he virial coefficient, B 128 P; 1 Tk - (162) 


1.28. Virial Theorem and Equation of State. A rigorous deduction of the equation 
of state is possible from a consideration of the virial theorem of Clausius. An 
outline of the theory is first given. 

Applying the laws of mechanics to the individual molecules (each of mass m 
and root mean square velocity c), let us denote the positional co-ordinates of a 
given molecule by x, y and z. Let X, Y and Z denote the three components of 
the net external forces acting on the molecule. Then, we have, 


MAI mo, AC p Zea m4. 3554031 
Multiplying these by x, y and z respectively, 
C UXx —mx ee Yy = my $2, Zz = me c) 
non (i5 eis (@)" 
« Bed () (B18 (B)-(8) om 


p III"—————————————————————————————— 
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: d?y d?z 
Similar expressions may also be obtained y ue and z dee 


Substituting these in (ii) and adding, 

md [d ,, i ax\? ay)? (ey 
set maze PET] m [(8)) (9) (5'] 
Since, È = xz 


UL eligi oes 2 iv 
Xx+Yy+Zz = > 2 [ So? ty? 2) | me +++ (Y) 


This is a relation between the components of the external forces acting on a 
given molecule with its position and velocity. If we now consider all the molecules, 
the magnitudes of x?, y?, z? would be different for each individual but the sum of 
(x?+-y?-+-z*) for all the molecules in the system in equilibrium measured for appre- 
ciable time would be constant. That is, the sum (x?-1-y?-I-z?) would be independent 
of the time, t. If this were not true, the distances of the molecules from the refer- 
ence axes would change with time and the gas would change continuously in 


volume. We can therefore say that the first term on the right hand side of equation 
(iv) would vanish. Taking all the molecules, we have then 


X(Xx--Yy--Zz) = — Xmc? 


— (Xx+ Yy--Zz) = 1 mc? = 4 Nme 
where N is the total number of molecules. 


The term on the left-hand side 
virial of the system. The term on th 


or 


. (y) 


of this equation was named by Clausius as 
e right-hand side denotes the total kinetic energy 
of translation of the molecules of the 8as. Hence, t 
is its virial. This is the virial theo i 

(a) Ideal Gases. It is quite si 
gas from the virial theorem. In ani 


f » b, c and also Suppose the sides are 
axes (Fig. 1.31), The volume of the b 


NN 


Now consider the two walls I 
plane. The box is so placed that 
Xs such that x,—x, = a. Let P be t 
exerted by the molecules i 
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Therefore, this wall (I) exerts a force +P.bc on the molecules, which is the value 
of ÈY at x, Hence 2X¥x = +P.be.x,. 


For wall II, Z Y is —P.be, therefore Xx = — Pbc.x,. 
The first component of the virial is thus 
—iXXx = — $MP.bcx— P.be.x2] = — ÀP.be(— a) = 3PV 


Similarly, —45Yy = }PV and — $2Zz = $PV. 

Therefore, the virial — }5(Xx-++ Yy 4-Zz) = 3/2 PV. 

From equation (v), 2 PV = 4Nmc? or PV = $ Nmc* ++ + (i) 
This is the ideal gas equation as deduced earlier. 

(b) Real Gases. In real gases, in addition to the forces of impact on the 
molecule due to wall-collisions, there are intermolecular forces present. So the 
virial theorem may be written as, 

4 Nme? = — 3 3(Xx+¥y+Z2)wan — $E(Xx- Yy+Zz)int- 
The last term on the right-hand determines the virial for the intermolecular forces. 
The first term on the right hand side, for the virial due to forces of wall-collision, 
we have seen to be equal to $ PV. Hence, 
3 Nme? = 8 PV — 1E(Xx4- Yy--Z2) in- 
Since the average kinetic energy of a gas molecule $ mc? = 3 kT, we have, 
3NKT = 3PV —X(Xx4-Yy--Zz)m * 

or PV = NKT 4 1E(Xx- Yy--Z2)n- -e ii) 
Now if $ denotes the interaction energy between a given pair of molecules at a 
distance r joining their centres, then 


= do aao Qiii) 
R= -¢ i (viii 


Where F is the force exerted between the molecules. Let the molecules be labelled 
Land II, as in Fig. I.32. 


I 


Fig. I.32 


The component of F acting on II in the direction of x is. F Cos6, 
i.e., 2 (%2—*1) 
The component of F acting on Lin the direction of x is 
= doy) dT 
"I3 (x2—X1) Le. 5 (Qa —x3) 
Hence, for this pair of molecules, along x-axi$, 


Ef E( — Xs 
>, xx = Gk Aaka = E (x, -x) xy + 5 Xa x) s 


2 
-f(»-a) 
; r 
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i F 2 F a 
Similarly » Yy mie (» 72) and y Zz rz (^ =z) 


Hence for one pair of molecules, 


Y [4 3»z:) -z[ (a-a) + (2-2) + (2-2)' 


int 


ae r= Fr = -:5 
n p 
Substituting in (vii), we have for all the molecular pairs 
lw dé » 
PY = NET— =) ra sae (EX), 
We can proceed to.find out the summation of the last term in the following 


way. Ifnis the number of molecules per c.c. in the bulk (i.e., n = 3 then accord- 


ecules n, at a distance r from a given molecule 
zmann constant. Assuming radial distribution, 
present in a shell of thickness dr at a distance r from the 
*dr. There will be interaction between the given molecule 
and each of these molecules, and for every pair, 
Hence, 

le is 


the interaction is — xs 
cule 


s 
the total interaction of all molecules of the System with the given 


mole- 
J tr Amr, ( — y 4) TR J ne-#kT Anya 


-4N J &-9IET pagg, 

Consider all the N molecules of the System, the interaction would be, yr e 
r 

3 d$ 2«aN?[* __¢ 
- That is, — 2: aw y J e RT aqq, 


d$ 2nN2 e co 
Bo Va Pe a (^r EE. + ser | e-5lkr rar) 
0 
_ 2nN®T 


i ( [7 if = 3] etra) [since ze, = 0] 
dl RIEN ( ES 3 [Perse ridr 


Nn the 1 —e-wer \ ag, 
K 0 


Substituting in (ix), for real gases, 


rM. jul 


| 


le eti) rr 


. (x) 
If there be 1 gm-mole of the gas, N = No and Nok = R ; hence 
2aN kT [9 
Py RT edil (1 — eter) r?dr + «+ Qi) 
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The form given in (xi) is the rigorous expression for an equation of state for real 
gases. 


van der Waals made the generalisations that 
(i) the molecules are rigid spheres of diameter c, 


(ii) the attractive force between the molecules is very feeble and decreases 
with increase in distance. 


(iii) at close proximity, the molecules experience an intense repulsive 
force. This repulsive force begins from a distance r = c and ó— eas r 
becomes less than c. 


z 
Under such conditions, i. (i-e DL 


-f (iz ) ze (i-8 ) dr 


a = o 
When r«o,$—o, S (1-8 a= f rdr 


[7 0 


« -$ o o -$ 
So, Í ( 1—e* ) rar zl r?dr +f ( pert ) rdr 
o [4 


[uU 


« 
$ p 
= 15s NES 
= ic «] iU dr, since $—0 as r2» c 


Therefore, equation (xi) may be written as, 


2 o? 
py = Td i zu rar | 
o 


kT 


I 


€ 
RT d de. + 27. 2o ta r*dr | 


gri E DES 


u 
where, b = 2/37N,o? and a = — 25v | $r?dr. 
o 
The van der Waals equation is thus derived from the virial theorem, corrected 
upto the second term. 


Re-writing equation (xi), we find 


e 
PV — Bales Í ( 1—e-ŻIkT ar = RT 
0 


ox [ p 27^ aaNet (er 1 ) reir | V = RT 
(4 
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Comparing this with van der Waals equation, we may 


a= daNgtkr | (emm ) rdr 
o 


‘@ is a function of temperature and varies with t 
stated earlier. Depend 


approximately say that 


he temperature, as has been 
ence of ‘a’ on ¢ explains why it varies from gas to gas. 


Comparing equation (xi) with K-onne's equation upto the second term, the 
Second virial coefficient B may be given by : 


LJ 
B= aang | (1-e-#ur ) r*dr 
o 


many subst 
a positive centroid and a ne 


energy of attraction in a given substance (U*) 
of this distance, i.e., 


7 A UE NER 
U' — —73. the negative sign indicating attraction (Keesom). The constant A; 


782 


] Ves as given in Fig, L33 woul 

n be obtained, The full line curve show: the sim d 
g. I. the attractive and repulsive c. 

distances, p » attraction 


the curve rises steeply, 


energy becomes positive. The point of interse 
axis gives the collision dia: 
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1.29. Compressibility Factors. The constants ‘a’ and ‘b’ in the van der Waals 
equation depend on the nature of the gas. The equations therefore would be 
quantitatively different for different gases. The P-V-T relation for various gases 
cannot therefore be represented by the same curve. The same is true of other equa- 
tions of state. The law of corresponding states, which is generally valid, however, 
enables us to obtain a generalised curve for different gases. The deviation of the 
real gases from the ideal states may be represented in the following manner : 


PV = zRT (for 1 gm-mole) 
where the factor z, called the compressibility factor, is a measure of the extent ` 
er deviation. Now, if we represent the P-V-T, in terms of critical quantities, we 
ave 
PV  m«P.x$dVco __PcVe To 
RT ROT; Ric ane 


The critical coefficient fo has been found experimentally to be a constant, 

[4 
though the magnitude may differ from those predicted by the different equations 
Of state. We can then write 

Zo Ka: me where K’ = universal constant. 

If the different gases are maintained at the same reduced temperature 0 and then 
brought to the same reduced pressure z, their reduced molar volumes $ would 
be the same according to the law of corresponding states. Then, the value of z 
under such conditions for all gases would be the same. It is thus evident that if 


SE ILI 


J | iN 


ANN 
e 


a 


E 
A 
re 


Fig. 1.34 


value of 0), the results will be identical for all gases. 
hen we shall obtain a generalised curve (z versus 7) 
In fact, experimentally this has been found to be 


we plot z against (at a given 
For any reduced temperature t 
which will be valid for all gases. 
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true. The mean compressibility 
reduced pressures as shown in Fi g 
ed to determine the pressure ( 


factors have been derived and plotted against 
-L34. These curves may be conveniently employ- 
or volume) of a real gas under different conditions. 
Example : A gm-mole of ethylene (T, — 


= 282.8 K, P, = 50 atmos.) occupied 
a volume of 275 c.c. at 38°C. Calculate its 


pressure from the compressibility 
diagram. 
aT. 27438. 
EC. = 1 
Now D = eorex Sit z = 89.332 
i And jea SAE 1.792 


[4 
From Fig. 1.34, the st-line m — 1.79z cuts the compressibility diagram 0 = 1.1 
at the point z — 0.6. (Fig. 1.35) 


Hence, the pressure P = 89,33 x0.6 — 53.59 atmospheres, 


e| - 


Problem : Calculate the wt. of O. 
100 atm. pressure when the compress 
Now n= 


2 Necessary to fill u i 3 5 
ibility factor is O96 a Cylinder of 5-litre capacity at 0°C and 
w[M gm-moles, z — 


Py PvM 1 
= = 00 
Then n grr OF Wt. of O, = —7 _ X5x32 


compressibility factor 


zRT 0.96 *0.082x273 — 744.4 gms. 
A few typical problems on the Equation of state are worked out here, 
Problem : Calculate van der Waals’ constants for ethylene, (7, 


= 282.8K and p, — 
pe bREO 1 0082x2828 FEL 
"RI Nue ccc c MR 
2a T 
EXEC L Leg m ee 1 
& P gm Gy * 0.08) x Garg y 5 


= 4.47 litres*-atmospheres, 


_<_ EN 
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Problem : 100 gms of CO, are contained in a 5-litre globe at 40°C. Calculate its pressure 
(i) as a van der Waals gas, (ii) as an ideal gas. (a = 3.59, b = 0.043) 


Ideal: p = "RT. 10 00555313 = 11.67 atm. 
v 44x5 
2 
van der Waals: p = "AT _ "4 
v— nb vi 
{100 \2 
100 x 0.082 x 313 (aa X 3.59 


44 
= 11.16 atm. 
Problem: Argon has (Tc = —122°C, Pe = 48 atm). What is the radius of the Argonatom? 
1 RT; 1 x 0.082 x 151 
SEPEONMUS 48 
1 * 0.082 x 151 
8 48 


0082X181x3x10 qb... 
Í [exime senis | 
= 1.47x107* cms. 


Problem : The second virial coefficient of an imperfect gas is 2x 10^? litres/mole. Calculate 
the volume of a gm-mole of the gas at 27°C and 5-atmospheres pressure. 


PV = RT+BP (approx.) 
5xV = 0.082 x 300+0.02 x 5 
or V = 4.94 litres. 


Problem : Calculate the number of gms of hydrogen in a vessel of 500 c.c. capacity when the 
gas is forced in at 100 atm. at 127°C. 
Using Berthelot equation, 


6T. 
P= anri EE Te ( ES 


44 (5 — 10° x 0.043) 


litres 


128 Pe T TA 
9. < 100... 33:2 6x33.2* 
100 x } = j i i x 1— 5 
4 =n x 0082 x «| 1 + 38'128 ' 400 400° ) | 
whence n — 0.7 gm-moles = 1.4 gms of hydrogen. 


SEC. D —SoME SPECIAL PROPERTIES OF GASES 


1.30. The Heat Capacity of Gases. The quantity of heat required to raise the 
temperature of the body by one degree is called its heat-capacity. Usually the 
rise in temperature is measured in centigrade degrees and the heat-capacity 1s 
expressed in calories. Obviously, the heat capacity will depend upon the amount 
of the material in the system. 1f the amount of the substance is one gram, the 
heat-capacity is the same as the specific heat. But commonly in chemistry, the 
amount is expressed in gm-moles. The heat-capacity of a gm-mole of the subs- 
tance is called the molar heat capacity. 1 

The magnitude of heat-capacity depends on the pressure and the volume, 
specially in the case of gases. Thus, if the temperature of a gm-mole of gas is raised 
by 1°C keeping it at constant volume and again in another operation the same 
rise of temperature is made allowing the volume to vary, the quantities of heat 
necessary in the two cases would be different. Hence, in mentioning the heat 
capacity of a gas, the conditions have to be specified. .Two standard conditions 
are usually followed, (i) the heat capacity at constant volume denoted by C, and 
(i) the heat-capacity at constant pressure denoted by Cp. 


il eee 
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Let us first consider the monatomic gases like Argon, Helium, etc. If such 
a gas be heated at constant volume, the heat supplied will be entirely utilised in 
increasing the kinetic energy of translation of the molecules. Since the molecules 
are monatomic, there cannot be any absorption in vibrational or rotational motion, 
and further, volume remaining constant, no energy can be used to do any mechani- 
cal work of expansion. We know, for a gm-mole of the gas, the kinetic energy, at 


temperature T, is 
E = 8PV = 8 RT. 
The increase in kinetic energy for 1° rise in temperature, 


AE = $R [((T--)—T] = 2R e 3 calories. 
The heat supplied at constant volume is equal to the rise in kinetic energy, hence 
C, — AE — 3 calories (for a monatomic gas) 


The experimental results have confirmed the same. - 


„But if the monatomic gas be heated at constant pressure the gas expands 
against the piston (Fig. 1.36) and does mechanical work. In order to attain 1? 


rise in temperature, the heat supplied should be sufficient to provide the kinetic 


energy (AE) to the molecules and also to enable to do the extra mechanical work. 
If V, and V, be the final 


and initial volumes of the gas at constant pressure P, the 
work done 
w = P(V,—V;) = R(T;—T) = R zz 2 calories. 
Hence the total heat to be supplied to 1 mole of gas at constant pressure, 
C» = AE+w = Cy+R 


e of monatomic gas, the difference of heat capacities at 
volume, is given by 


Hence, for a mol 
Constant pressure and 


Cp—Cy = 2 calories. si « (62) 


The ratio of the two heat-c. 


apacities, universally expressed 
by the symbol y is, P K 


= ¢ Co+R 
EUG =e, T4166 . . . (1.63) 


latter purposes, then, 


Cy = AE+x = #R+x = 3+-x. 


Cp = AE+o+x = gR+R+x = 54x 
Hence, the heat-capacity-difference Temains the same, two lories i 
monatomic gases, but the heat-capacity-ratio (y), : Parn 
sips. 5 
Co 3--x 


ic molecules y = 1, 
common gases. 
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MOLAR HEAT CAPACITIES IN CALORIES 
(P—1atm, T = 298°K) 


Gas Cp G3 y 

Argon 4.97 2.98 1.66 
Helium 4.97 2.98 1.66 
Mercury 5.0 3.5 1.67 
Hydrogen 6.85 4.86 1.40 
Nitrogen 6.96 4.97 1.40 
Oxygen 7.03 5.03 1.40 
Chlorine 8.10 6.00 1.35 
Nitric Oxide 7.10 5.10 1.39 
Carbon dioxide 8.83 6.80 1.30 
Sulphur dioxide 9.65 7.50 1.29 
Nitrous oxide 9.08 7.03 1.29 
Water 8.67 6.47 1.34 
Methane 8.50 6.50 1.31 
Acetylene 10.45 8.40 1.24 
Ethane 10.25 8.20 1.25 


The heat capacities Cp and Cy for polyatomic gases are also found to vary with 
temperature. From experimental data, several empirical relations between heat- 
capacity and temperature have been developed. Usually both Cp and Cy increase 
with temperature. The commonly used relations are 


Cp = a+bT+cT?+...... .. » (1.64) 
where a, b, c ...... are constants, 
and Cy = a,4-5,T 2510.65) 
A 9Co — 
i.e., ry dm b, 


In the table below are given the Cp-values of some common gases and vapours. 


HEAT CAPACITIES OF DIFFERENT GASES AT CONSTANT 
PRESSURE IN THE TEMPERATURE RANGE 300? — 1500* 


For the determination of the heat-capacities and also the heat-capacity ratio, 
different methods have been employed. It would be useful to discuss the outline 
of a few of these methods here. 


Determination of C,. The heat-capacity at constant volume is often measured by using 
Joly's steam calorimeter (Fig. 1.37)*. Two identical thin-walled copper spheres are suspended 
at the two ends of a balance beam. The spheres are enclosed in a chamber into which steam can 
be let in. The two spheres exactly balance one another. When steam is introduced into the cham- 


* Ref: Proc. Roy. Soc. 47, 218, 1889 
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ber, equal amounts of it condense on the two spheres and the balance is maintained. Now for 
this experiment one sphere is completely evacuated and the other.is filled up with the experimental 
gas. On admitting steam, it is now found that more water condenses on the sphere which contains 
the gas. The difference is found by adding wts. to the other pan. The difference in the amuont of 


Fig. 1.37 


steam condensed is due to the different heat-capacities of the spheres. It is easy to calculate now 
the heat-capacity of the gas. If w gms of steam be the excess amount condensed and x gm-moles 
of the gas (molar heat-capacity, C,) be taken tn the sphere, then x 


WL = xC, (Ta—T;), where Tz, T;, are the final and initial temperatures of the spheres and L 
is the latent heat of steam. C, is thus known. 


Determination of Cp. The heat-capacity at constant perssure may be determined by the 
Mccollum’s method*. The gas under investigation is allowed first to flow through a long spiral 
Coil kept immersed in a constant temperature bath at a uniform but slow speed. The gas in passing 
through the long coil attains the temperature of the bath (7,). The gas next enters into a second 
Coil immersed in another bath which is at a slightly higher temperature (7?) maintained with the 
help of an electrical heater. As the gas enter into the second bath, the temperature of the bath 


tends to fall as the comparatively colder gas absorbs some heat. But the loss of heat is compensated 
by supplying extra-current to the heater. This additional current required to maintain constant 
temperature is measured. A diagrammatic sketch of the Mccollum’s method is given in Fig. 1.38. 
Now if x moles of gas of heat capacity C, pass through the spiral per second and if I denotes the 
additional current, the resistance of the heater being r, then 
à Pr 
xC, (Ta—T,) E 42 
SNE LEE 
~ 4.2xxx(h—-Nhy 


Determination of y. The determination of y, the ratio of heat capacities, is 
based on two different methods ; (i) the study of the adiabatic expansion of the 
gas, or (ii) the measurement of the velocity of sound in the gas. ; 


Method depending on adiabatic change : An adiabatic change is one in which 


or Cp 


no heat is allowed to enter into, or escape from, the system during the change, `- 
i.e., heat-transfer between the system and the surroundings is not permitted. It. , 


* Mccollum : J. Am. Ch. Soc. 44, 28, 1927. um v 
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will be seen later (Chap. IV) that if under such adiabatic condition a gas is 
allowed to expand, the P-v relation will be represented as 


Pw = constant, 


where y is the heat-capacity ratio. 

This relation was utilised by Clement and Desormes for the first time to find 
out y. A very large vessel provided with a stopcock was filled up with the gas at 
a pressure somewhat higher than that of the external atmosphere. The pressure 
was noted from an attached manometer. The stopcock was opened for a short 
while, when the gas expands and a portion goes out. The change is sudden and 
adiabatic. The pressure inside falls to that of the external atmosphere. Due to 
expansion, the gas also cools. The stop cock is then closed. The gas now slowly 
attains the original temperature and consequently the pressure also increases. 

Suppose the original pressure of the gas is P, and the atmospheric pressure 
is P. If V, and V denote the volumes of a gm-mole of the gas at pressures P, and P 
respectively, then for the adiabatic expansion, we have, 


P V = PV? e) 
Let the final pressure of the gas be P, (when the original temperature is also 
attained). Then, according to Boyle’s Law, for one mole of gas, 
PV = PiVy EID) 
Eliminating V and V, we have, 


PNG Py 
Pa) Bees 


loge logt ... (1.66) 


pi Y — fog P, —log P, 

The value of y is thus known from the manometer readings. 

Lummer and Pringsheim and, later on, Partington considerably improved 
ihe method in which they measured the drop in temperature after adiabatic 
expansion. A large copper globe (130 litres capacity) provided with a manometer 
and a controlled valve was used. The temperature was measured accurately from 
the resistance variation of a thin Pt-wire kept inserted in the globe (Fig. 1.39). 


DB 


Fig. 1.39 


e is T;, pressure P, and molar volume /;,. On 
falls to P, temperature to T and the molar volume 
expansion of the gas, 


Suppose initially the temperatur 
adiabatic expansion, the pressure 
becomes V, Then, for the adiabatic 


P, V,’ = PV” ares UR 
Pv, = RT, and PY = RT aioe 
y nP 


T IR 


66 PHYSICAL CHEMISTRY fist 


o a AN 
Again from (iii), T = (s y 


P, 
NEUEN CENE 
TE OTD, 7219 
- = log P, — log P 
P. Y = dogP, —logP)- (og T; —logT) >- (16D 


The value of y is thus known. 
Method depending on the velocity of sound : The velocity of sound V is given by the relation 


oP 
y: = PE .. . (1.68 
7 15). (65) 


where p is the density of the gas. A measurement of V will thus enable us to compute the value 
of y. Dixon used a long coiled tube (15 metres), closed at each end by a diaphragm. A hammer 
was used to strike the diaphragm and produce the sound wave. Two thin platinum discs are 
inserted inside the tube near the two ends and are so adjusted that when the wave passes them, 
a self-recording chronometer is started (Fig. 1.40). It is thus possible to measure the time the sound- 
wave takes to cover the length of the tube. Hence the velocity V is known. 


+1” Chronometer 


Now y- v (2 


M 
If we take the gas as a perfect one, then, y= V? RT But for the real gases often Berthelot's 


equation is used. So, 


M = 
paw D Sm (aT 
RT 128 TP, T? 


= ME [1-37 pen 
RT 128 TP, T? 


Tue ee ner L-am „STS 
Hence (25) RT 64 TP, :-5$)] 
M 9 PT, 6T? 
. ud ve ae, _ OT? 
ux dmn ale & Tp, V! 5 )] -.. (L69) 


1.31. The Principle of Equipartition of Energy and the Heat Capacit ; 
The average translational kinetic energy of a gm-mole of gas is d cae 


Ew = mN = $ RT. 


This translational energy depends only on the temperature and is independent 
of the mass and nature of the molecules. It is also known that the mean Squares of 
Cz, Cy, Cz, the components of the velocity c in three mutually perpendicular 
directions are equal (Sec. 1.7), i.e., 
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It leads to the conclusion that molar translational energy (3AT) is made up 
of three equal parts corresponding to velocities along three axes at right angles. 
In each direction, the average kinctic energy of translation per mole is }RT. Hence, 


REE 4kT in each direc- 
No 
tion. For translational motion, each molecule is said to have three degrees of free- 
dom, each of which contributes an energy 4kT towards the total translational 
energy. By the expression “degrees of freedom" is meant the possible modes or 
directions of motion. The translational motion of every molecule can be resolved 
into three possible directions, i.e., every molecule has always three translational 
“degrees of freedom”, each degree of freedom contributing } KT of energy. Again, 
the translational energy along the three degrees of freedom is given by $ mez?, 
$ mcy? and 3 mcz?. Hence for each degree of freedom, the translational energy is 
expressed by a quadratic term. Alternatively, “degrees of freedom" constitute 
the number of quadratic terms required to express the total energy of the molecule. 
In the case of a monatomic gas like argon, neon, etc., there is only the 
translational energy and hence only three degrees of freedom. For diatomic 
and polyatomic molecules there are, in addition, rotational and vibrational 
motions and hence the degrees of freedom would be larger. 

That the average kinetic energy of translation along each direction would be 
3 KT is a consequence of the Maxwell distribution law. It is true that the average 
value of the velocity component along a direction would be zero, for the number of 
molecules having velocity components cz and —cz would be equal. But the average 
energy in respect of that component would be a positive quantity, 3mcz? and 
dm(—ca). With Maxwell distribution, we may calculate the average energy, 
€x. From Sec. I.14 (ix), we have 


= 1 
—— 1 * 
€z n Í Í f: HCxy. dne, Cy, cz, 


sj Í IE mci n EGER UNI e) dez. dcy. dcz. 


OS = bet ° b ? bc} 
= mA’ cae dezi e dey| e de; 


=% -0 =% 


for each molecule the average translational energy is 4 


Il 


(since the energy may have any value). 
Substituting the values of the integrals (Appendix 1.3) 


en = at TP ayy zt 
ZB 


ni 
= mA’. ps 
Since A — A/? and p = s the expression easily reduces to 
T 2kT 
€; = 4kT 


Similarly, ey = 4kT, and e; —1KT 


er = est eyte = 3X4KT = 3KT 


i By an extension of the distribution law, Maxwell and Boltzmann enunciated 
nat 


“The total kinetic energy of a molecule is equally distributed between the various 
degrees of freedom." 
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This is known as the principle of equipartition of energy. We have just found 
that every translational degree of freedom contributes an energy $kT. According 
to the principle, each of all other possible degrees of freedom would be associated 
with an energy 3kT. If there be altogether y degrees of freedom, the net kinetic 
energy of the molecule would amount to 3yKT. 


"Z 


Gales (b) 
Fig. 1.41 


To illustrate : A diatomic molecule has translational, rotational and vibra- 
tional energy. For translatory motion there are 3 degrees of freedom. For its 
rotational motion, the two atoms may be considered as a dumbell, rotating along 
two axes at right angles [Fig. I.41 (@)]. The rotational energies are }/w?, and }Jw? 
where c, c are angular velocities and J,, J, are moments of inertia. That is, there 
are two quadratic terms for energy for the two modes of rotation. That is, there are 
two rotational degrees of freedom for a diatomic molecule, so that erot = 2x 4kT 
— KT. As for the vibrational motion, the two atoms oscillate against one another 
so that the molecule possesses both kinetic and potential energy. The kinetic 
energy is 4 mu? and the potential energy $ur? (p, the force constant and r, the inter- 
atomic distance).'It means that the energy for vibration involves two quadratic 
terms or two degrees of freedom. Each vibration type of motion in a molecule 
will thus be associated with 24kT energy. For a diatomic molecule then, the 
total energy of the molecule 


€ = etr erot-- evid = 3X 4kT + 2x 4kT + 2X1kT = IkT 
For a mole of diatomic gas, E = 4 RT. 


Fig. L42 


In the case of a triatomic molecule (nonlinear), there will be three transla- 
tional and three rotational degrees of freedom [ Fig. 1.41(b)]. Besides, there shall be 
also three types of vibration (Fig. 1.42), each type involving an energy (2x 4kT). 
Hence in a non-linear triatomic molecule, the energy will be 

€ — 3X ÀkT -- 3x1kT + 3x Qx1kT) = 6kT. 
For a gm-mole, k E = 6RT. 

In general, for a polyatomic poe of n atoms, 
freedom for translation and three for rotation ; the types of vibration ; he 
the number of squared terms for vibration is 2(3n—6). if the poe aot 
be linear, the rotational degrees of freedom shall be 2 and the vibrational 2(3n—5) 
Thus if r and v denote the degrees of freedom for rotation and vibration USD 
the total molar energy, according to the principle of equipartition will be — 


E = Q-rJ)x4AT. 


there are three degrees of 
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Hence the heat-capacity at constant volume 
ðE 


| Co = aT Qr). 
The heat capacity at constant pressure, Cp = (3+r +v) 3R--R = (S+r+v)$R. 
Cp 5+r+u 


or, the heat capacity ratio, Y= deu xr 
v 


Some of the experimental results of heat-capacities at different temperatures 
are given in the table below. 


C, FOR GASES 


Temperature (°C) 
100* 


. .For the monatomic gases, the experimental results agree well with the theore- 
tically predicted value 3x 4R = 2.97 calories. For diatomic gases, the equipartition 
principle predicts the value 7/2R — 6.94 calories. This is reached only at high tem- 
peratures but at lower ranges of temperature the observed Cy-values are much 
less. For polyatomic gases, the departure from theoretically calculated values is 
still higher. The principle of equipartition is thus inadequate to explain either the 
variation of heai-capacity for different diatomic gases or the rise in C,-values 
with increase in temperature. The principle however explains the absorption along 
translational degrees of freedom. There is a limitation on the appearance of 
equipartition at lower temperatures in respect of vibration and rotation. The 
Principle of equipartition is derived from the classical considerations of continuous 
absorption of energy governed by Maxwell distribution. But in vibration and rota- 
tion, we now know, the absorption of energy takes places in discrete quantities. 
The observed results can therefore be explained only on the basis of quantum 
theory, At high temperatures when energy levels are quite close and the distribu- 
tion would be practically continuous, the principle would be valid. 


DENSITY OF GASES AND VAPOURS : MOLECULAR WEIGHTS 


The density of a gas or vapour is the mass per unit volume at a given tempera- 
ture and pressure. The standard density or normal density is the density at 0°C 
and 1 atmosphere pressure. In calculations of molecular weights, relative densities 
referred to oxygen are used. Thus the gas density is the ratio of the masses of 
equal volumes of the gas and of oxygen, the latter being taken as 16, under the same 
conditions of temperature and pressure. The importance of determination of the 
gas or vapour density lies in the evaluation of molecular and atomic weights. 
The methods used for the determination of gas density and of vapour density are 
somewhat different and these are therefore treated here separately. 


1.32 Gas Density. The oldest and yet sufficiently accurate method of determi- 
ning the density of a gas is to weigh the same in a comparatively large globe of 
known volume (Regnault). Various corrections are to be made for errors due to 
buoyancy, moisture condensation on the surface, etc. Lord Rayleigh determined 
the density of nitrogen by this method in his historic experiments of the discovery 
of inert gases. 

In the ‘volumeter’ method (Guye), globes are filled with the gas at a definite 
temperature and the pressure is measured from the attached manometer. The 
Bas is then pumped out and absorbed in a suitable absorbent. The increase in the 
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weight of the absorbent gives the quantity of the gas, while its pressure is obtained 
from the initial and final readings of the manometer. The density then can be easily 
calculated. Ari ; 

Buoyancy Microbalance method : From the beginning of this century, buoy- 
ancy microbalance has been used for the determination of gas density wherever 


high degree of accuracy is required and specially when the quantity of the gas is 
small. 


The microbalance used by Whytlaw-Gray in the determination of the density of radon 
(Fig. 1.43) consisted.of an evacuated quartz buoyancy globe (8 c.c.) X, suspended at one end of 
a quartz beam Z. This was counterbalanced by a thin sheet of quartz Y, at the other end of the 
beam, the surface areas of the globe and the sheet being almost equal. The beam w: 
from a frame by a stretched quartz fibre T. The whole thing was enclosed insidi 
of about 10 cms length kept at a constant temperature (say 0*C) and provided with 
The container is first evacuated and the gas is then slowly i 
of Y points to a fixed zero mark O. The pressure P, is noted. 
pure oxygen gas and the corresponding pressure P, 


as suspended 
e a container 
a manometer. 
ntroduced until a pointer at the end 
The experiment is then repeated with 
is also determined. 


Manometer 


Fig. 1.43 


It is easily seen that whenever the globe w 
sheet, the density of the gas introduced must be th 
of the globe = V and the volume of the sheet — 


ould counterbalance the quartz 
e same. For, suppose the volume 


V" and the true wt. of the globe — 
w and the true weight of the sheet = w’. Then if d be the 


: density of the gas in 
which these are balanced, we have, since the buoyancy effects are equal, 


‘yt _ w—w' 
w—Vd = w'—V'd, or d= yy) 


Since the w, w' and V, V' are all fixed, the density must be the same when these 
balance one another. 


Now suppose in this experiment p is the density of oxygen under 
and p; is the density of the gas taken under pressure P,. Then Puen 


P.M, P.M, 
Tod and p, — M where M, = molecular wt. of 


the gas and M, = mol. wt. of oxygen. 


But we also know, p, = 


Be X32)) 5 y 
Then Pi py = RT” i.e., p, is known. 


Let p, be the normal density of the gas under pressure P, (1 atm.) 
Po _ Py PMET , 
mii or POET .. (i) 
Hence, the normal density of the gas is known 


pressure P, 
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We can also write py = E = Pally since py = ps. 
P, P, 
or M, = 7: M, = 325 
: cp p 


That is, the molecular weight can also be directly found out . The density of the 
gas at different pressures can be measured by replacing the quartz globe with 
others having different weights. 


1.33. Limiting Densities. In determining the normal density ps we have used 
the ideal gas equations which are not valid for real gases. Itis therefore necessary 
to make adequate corrections for the results obtained. It may be clearly understood 
in the following way. Suppose w gms of a gas are taken in each experiment and 
let V4, Vo, V4, ... be the volumes occupied by the same under pressures Py, Py Pus 


bone etc. Then, the densities at the respective pressures are m roce tetor The 


1 V. V, 
normal density (under unit press ill 40. YEL | Aes, . Si 
y ( r unit pressure) will be BV: PV: PVs . . Since 


Boyle s Law is not obeyed, (i.e., PV-value is not constant) the magnitudes of 
e normal density would differ and would obviously be inaccurate. The truly 
accurate value would be the one measured under conditions where Boyle's Law 
B valid. This is possible at extremely low pressures or zero pressure (Po) (where 

t P-+0), when the volume V, is enormously large. The normal density will then 


w B H . "n t 
be p.p. lt is the accurate normal density obtained from the limiting values of 
Mo 


PV, and is hence termed the limiting density, po. We have, normal density, 


w whseje H w 
P = By, and the limiting density, po = EV, 

5 Pw; 
ter, i= ol 
Po Ps. PoVo 

X SN . f> CuPIYS iy 

or Limiting density = normal density X PY. 28 s (02) 

[LU 


The observed normal density should be corrected by multiplying with the factor 
HAV. . ; 
A. Different indirect methods are used to determine this factor as direct 


measurement of PoV is not possible. 

(a) For gases having a relatively low compressibility, it has been found that 
the product PV at low pressures (below one atmosphere) bears a linear relationship 
to the pressure P. The experimental PV-values measured at several low pressures 
are plotted against P. The st-line obtained is extrapolated to cut the PV-axis to 
obtain the point Poo (Lt P->0). Substituting this in equation (ii) above, the limi- 


(b) For compressible gases, the relative deviation of the Py-values at low 
Pressures is found to be directly proportional to the pressure P. The relative devia- 


tion is PVo—-Ps y, Hence, at any low pressure, Pi 
qu 
PyVo=PiVs _ yp, c (iii) 
PV, 
The constant A is called the compressibility coefficient. Rewriting, 
P Vo = Pils (1+AP3) 
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Measurement of PV at two low pressures Pz and Py will enable us to determine 
the quantity A. 


PV, = PzVz (1+APz) = PyVy (1+Py) 
Again, when P = P, = 1 atmosphere, PV, = P,V,(1+2) 


T aa 
"d He TE 


Š 1 
Hence, limiting density, pọ = ps. ix 
As Ais known, the limiting density can be easily found out. 


E PV. 
(e) Suitable equations of state can also be utilised to find out the factor XA. 


0" o 
Thus, using Berthelot's equation, we can write 
Bu BV 9 BT, AES 
PoV ORT. 128° TP, T? 
eae 9 PT. 6T 
ery TU L ps AE -7 


The knowledge of the critical constants would enable us to calculate the required 
factor to obtain the limiting density. 


1.34. Vapour Density : (i) Dumas met 
weight of a known volume of 


(b) Hofmann’s method. In n 
this method a known weight of 
the liquid is introduced into 
the vacuum over mercury in a 
barometer at a temperature higher 
than the b.pt. of the liquid. 
The barometer is surrounded 
by a jacket through which 
the vapour of a higher boiling 
liquid is passed to maintain the 
barometer at a sufficiently high 
ig. 1.44. Dumas apparatus and constant temperature. In 

EL wat vapour dendi) Fig. (L45) is given an outline of 
determination the arrangement. In a small 
Hofmann bottle a small quantity 

‘of liquid (of known weight) is introduced into the barometer 
tube. The bottle goes to the top of the mercury column and 
the liquid vaporizes depressing the merucry column. The 
volume of the vapour is directly read from the scale, the 
depression gives the pisisure and its poetare a also noted, 
The normal vapour density may be easily obtained. 1 " 

(c) Victor Meyers Method. For its simplicity and apad Hofmann's 
convenience of operation, this method is most frequently used. mination of vapour 
The principle involved is that the vapour produced from a density 
known weight of the liquid is allowed to displace an equal volume of air, which 
is collected and measured at room temperature and pressure, 
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One form of the apparatus is shown in Fig. 1.46. A long tube (about 1 cm 
diameter) ending in an elongated bulb at the bottom and having a capillary side 
tube at the top is used for vaporizing the liquid. This vaporization tube is often 
called Victor Meyer’s tube. It is surrounded by a glass or copper jacket containing 
a liquid which boils at a temperature 20° or 25° higher than the boiling pt. of the 


experimental substance and maintains a constant temperature for the inner tube. 


The open mouth of the vaporization tube is closed by means of a rubber cork and 


the outer end of the side-tube is kept immersed in a trough of water. The liquid 
in the outer jacket is allowed to boil sufficiently long so that the steady condition 


is reached. This is indicated by the cessation of bubbles coming out through the 
be filled with water is now kept inverted 


capillary tube. A graduated measuring tu 
over the end of the capillary tube. 

A minute bulb or a small Hofmann bottle contain- 
ing a known amount of the experimental liquid 
(about 0.15 gms), is then dropped into the vaporiza. 
tion tube by momentarily removing the rubber cork 
from its mouth. As soon as the bottle reaches the 
bottom of the Victor Meyer tube, the liquid vaporizes 
and pushes out an equal volume of air through the 
capillary side-tube to the graduated measuring tube. 
The graduated tube containing the collected air is 
then partly immersed in the same inverted manner 
into a tall jar of water such that water levels inside 
and outside are the same. The volume of the moist 
air under the atmospheric pressure is noted and 
also the temperature of the water. The atmospheric 
pressure is ascertained from the barometric reading. 
The vapour density may now be calculated in the 
following way. 


Suppose Weight of the liquid taken =p gms. 
Volume of the moist air collected Eo 
Barometric height OP 
"Temperature = 21°C 
Aqueous tension at t°C = f mm 


Let v, be the volume of the collected air at N. T. P. in dry state. 
ves T6 v (PES v(P—f)273 


TI —— = [o Seth 
hen; 773 27331 o = Q734-0)760 
g g(273+t)160 


vw — wP-fyy3 


. Problem : 0.16 gm of a substance gave by Victor Meyer's method 26.2 c.c. of displaced moist 
air measured at 17°C and 764 mm (aqueous tension at 17°C = 14 mm). Calculate the mol. wt. 


Of the substance. 
Let V = volume of the displaced air at N. T. P. 


g 
RI 
EK M 


Hence vapour density, Po = gm/c.c. 


(1641-19 262 _ 0.16 . 0082 x (273 + 17) 
760 ioo M 


or M = 147.1 
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Problem : 0.2704 gm of a liquid was used in determining its mol. wt. by Hofmann's method. 
The volume of the vapour was 113 c.c. at 100°C. The atmospheric pressure was 747 mm and the 
height of mercury in the tube was 285 mm. What is the mol. wt.? 


RT 
PV ==. Rr Or Me ES 


0.2704 x 0.082 x 373 
747—285 
760 


M = 


= 120.2 


x 0.113 


1.35. Abnormal Vapour Density : Gaseous Dissociation. For certain substances 
like ammonium chloride, phosphorous pentachloride, nitrogen peroxide, etc. 
the vapour densities are found to be less than expected. The measured densities 
decrease towards a limit as the temperature is raised. This is due to the splitting 
of the molecules into simpler ones at higher temperatures. With rise in temperature, 
the molecules in certain substances break up into simpler molecules and these 
simpler ones reunite to form the original molecules on cooling. This reversible 
phenomenon is called thermal dissociation. Examples : 


PCl; = PCI, + Cl, N:O, = 2NO, 
NH,Cl = NH, + HCl l = 21 


In most cases, the limiting value of the va 


almost half of the theoretically calculated chemical value. For example, in nitro- 
gen peroxide, as the temperature rises, more and more molecules dissociate and 
the total number of molecules in the gas increases. When practically all the mole- 
cules suffer dissociation, there will be twice the number of gm-molecules in the gas 
and the volume therefore will be double (Avogadro). The total weight remaining 
contstant, the density will be about one-half of what is anticipated assuming no 


spliting up of the-molecules. The dissociation thus explains the lowering of the 
vapour density with temperature-rise. 


The occurrence of the 
experiment devised by Th 


side’ of a porous partition made of compressed solid NH,Cl. The tube is heated 
near the heap of NH 4Cl and a slow current of 


apours coming out with the N,-gas 


| 1 i itmus solution. The gas escaping from 
the side of the solid NH,CI is found to be acidic while at the other end it is alkaline. 


This is due to the fact that NH,CI on dissociation gives equal proportion of NH. 
and HCl. Ammonia being lighter diffuses through the porous wall more readily 


pour density at high temperatures is 


Alkaline 


2) Litmus 


Litmus 
Fig. 1.47. Experiment of Than and Pebal 
than HCl-gas. So the gas coming out from the other side is alk 


: T Lí aline due to excess 
of ammonia ; the gas coming out from the side of NH. 


; Cl is acidic due to excess 
of HCl. It therefore conclusively demonstrates the dissociation of ammonium 
chloride. 
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The extent of dissociation, i.e., the fraction of the total number of molecules 
which suffers dissociation is called the degree of dissociation. Vapour density 
measurements can be used to determine the degree of dissociation. Let us take a 
general case where one molecule ofa substance A splits up into n molecules of B 
on heating ; ie., 4 = nB. 

lf a denotes the degree of dissociation, then at equilibrium at the higher 
temperature, for each gm-mole of A, there will be (1 —a) gm-moles of undissociated 
A and na gm-moles of B. So the total number of gm-moles of gas present would 
be (1 —a)4-/1a. or 14-(n—1)a. 

Let V be the volume occupied by 1 gm-mole of any gas at the pressure and 
temperature of the experiment. Now, if po denotes the vapour density assuming 
absence of any dissociation, and if p denotes the observed vapour density when 
actual dissociation has occurred, we have for the total weight of the gas W, 


W=pV and W=pV U-+(n—1)a] 


o pos ium = = [aei d x (dE 
i.e., o = l] +(n—la or e CEN O) 


This relation is used to calculate the degree of dissociation. It is however 
implicit in this deduction that the pressure remains constant. We shall, later on, 
see that the degree of dissociation is not only influenced by temperature but by 
pressure also. 

In equation (1.70), it may be remembered that n denotes the number of product 
molecules derived from each molecule of the original substance. The value of n is 
very often 2. Thus, for ammonium chloride dissociation, (n — 2) 

NECI = NH; F HCF | _ Po =P 

]—« a eoo p 
The theoretically anticipated density po is half the molecular weight and is calcula- 
ted from the chemical formula. The degree of dissociation of many substances 
like COCl, COBr;, CO;, SbCl, SOzCls, ete. has been studied from vapour density 
measurements. i 

It is necessary to point out here that in those cases, where there is no change 
in the number of molecules due to dissociation, there will be no net increase in 
volume and hence dissociation will not be accompanied with decrease in vapour 
density, e.g., the dissociation of HI ; ^ 

2HI = Hth : 
The vapour density is lowered only when the number of product molecules 1s 
greater than the number of molecules dissociating. 

Some substances, like acetic acid, remain associated in the vapour phase. 
The extent of association may be ascertained by a similar method from vapour 
density determination. 

Problem : 4.5 gm of PCl; on vaporization occupied a volume of 1700 c.c. 
at 1 atmosphere and 227°C. Calculate its degree of dissociation. (P — 31) 


Let a. — degree of dissociation. M = 31-4-5x35.5 = 208.5 


Then PCl, = PCl;+Cl, 
1—a a pew = 1+a 
Or, each gm-mole changes into (1-+a) gm-moles. 
Hence, Pv = n(i+ea)RT 
or 1x nike = ad. (+a) x0.082x (273-+227) 
or a = 0.921 i.e., percentage of dissociation = 92.1 A 


Problem : At 60°C, the vapour density of nitrogen peroxide is 30.2. Calculate the percentage 
of NO, molecules by weight and by volume. 
N:O, = 2NO: 
1-4 2e = 1+4 
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; M 
(i) The theoretical density of NO, : Qut oe 46- 
i n uo 
The observed density [yp p; me s 


Th De deu 


po—p _ 46— 30.2 


or i ng 17805 


= 0.523 


That is, the fraction of gm-moles decomposed — 0.523. Or, percentage of NO, moles by 
weight = 52.3% 


Gi) Inthe niixture, the ratio of gm-moles of N,O, and NO, is 


Za .1—a 


NOI NO es f 


In accordance with Avogadro's Law, this is also the ratio of their volumes. Hence, 


1—0.523 


Percentage of N,O. l = —— 
ge of NO, by volume 10533 


X 100 = 313% 


2x0.523 


Percent f ————— >» = V 
age of NO, by volume TEN OEVE x 100 68.7% 


ll 


COLLISION NUMBER : MEAN FREE PATH 


Owing to their incessant random motion at high 


Suppose in a gas there are n molecules present per c.c. Let o be the diameter 
€ ‘A’ will collide with the molecule ‘B’ when the 
distance between their centres is c. Imagine, therefore, a sphere of radius o around 
the centre of 4. Any other molecule, whose centre would come within this 
will obviously collide with the given molecule ‘A’. Now the molecule ‘4’ is moving 
with an average velocity c. The volume of colliding space that would be swept 
out by it in unit time will be mo?e (Fig. 1.48). Imagine further that all the other 
molecules are stationary. Then, the number of collisions which thi 
suffer in 1 sec. is the number of molecules present.in the volum 


E: € moe ie., total 
number of collisions suffered by the molecule per second = ro?en. 


— M— 
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be taken as a 90° collision. The relative velocity will then be 4/2c if c be the average 
velocity of a molecule as shown in Fig. 1.49. 


(€ 
$ G 
J2C 
[e 
(e 
(e 
At 180° At 0° At 90° 
(head on) (grazing) vc 
Fig. 1.49 


We can thus say, that, 
the number of collisions suffered by a molecule per second 


Zı = V2rc?en i AD) 

The total number of collisions occuring per second in one c.c. of the gas, 
2en? 

Z-—in.wv2moc*en = 25 ETD) 


[ The average velocity c = 4/8RT/7M ] 

The factor 3 is necessary as each collision involves two molecules. Otherwise 
each collision would be counted twice. —— 
.  Kfitisa mixture of two gases, then the number of collisions per c.c. per second 
is given by the expression, 


Zan = (vado). (my. Ta . b 2540273) 


where o-terms are the diameters, and n-terms are the number of molecules per 
c.c. of the two species a and b of the mixture, and p is the reduced mass. This 
expression can be derived easily from eqn. (I.72.) Let us first assume that both A 
and B molecules have the same diameter o and mol. wt. M.. There are na molecules 
of A and np molecules of B per c.c., i.e., total number of molecules per c.c. = 
(1a 4-17). à 

-. From eqn. 1.72, 

total number of collisions per c.c., Z — 5 mo?c (ng -no)? 

Subtraction of the number of collisions involving just A molecules or just 
£ molecules from this will give the number of collisions between 4 and B molecules. 

ence, 
Zap = Bly moe (na-- no)? — tbe en iig ao?cny* 
AB v2 a J2 oi AA 
= /2mr3?c.na.nb. 

Now let us recognise the different diameters and molecular weights of molecules 


; NW Caton at Ma . Mp A 
of A and B, so that mean diameter CT EA and reduced mass p = Mat Mo’ 
average velocity c = a 


Substituting these, 


e Tatoo ay RE ast 
Zap = v2n( 2 ) 25 a. Hb 


= (cado. VE. lg . Hp AP o SUED 
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1.37. Mean Free Path. The average distance travelled by a molecule between 
two successive collisions is known as the mean free path and is denoted by /. Since 
Z, is the number of collisions suffered by a molecule and c its velocity per second, 
then the mean free path 


c c 1 
a TS A/2sa?cn V 230?n «e Q4) 


Since under same conditions of temperature and pressure, n will be the same 
for different gases (Avogadro) and the diameter of molecules of different gases 
is generally of the same order, (namely, 10-8 cms) the mean free path of various 
gases under same external conditions will be of the same order. 


At N. T. P. one mole of a gas occupies 22.4 litres, and Avogadro number is 
6.02 x 10%, so that n = 2.7 x 1019, Taking the diameter of a molecule as 2x10-8 
ems, we have 


L 


1 
= RONS -5 
V2s(2x10-55x 27x 198 — 71X107 ems 
i.e., under ordinary conditions, the mean free path is extremely small. 
The equation (I.74) can be used to determine the mean free path only when 


the molecular diameter is known. A knowledge of viscosity of the gasalso enables 
us to determine /, the mean free path, which we shall discuss presently. 


1.38. Viscosity. The propert 
viscosity is understood the i 
over each other when movin 
by gases as well as liquid. It 


Y of viscosity is associated with fluid flow. By 
nternal friction between layers of fluid as they pass 
8 with different velocities. This property is exhibited 
y g is liqui Would be easier to understand this first with a flowing 
liquid. When a liquid is flowing steadily over a fixed horizontal surface, (i.e., the 
flow is stream-line), its layer in immediate contact with the fixed surface is statio- 


ae paS velocity of layers increases with the distance from the fixed surface 
ig. 1.50). 


—— > ay 
ae E V+ G) dr 
lA true, 
n 
Fig. I.50 


Considering any layer, the layer immediately beneath will try to retard it while 
the layer above will accelerate it. Thus there is a tendency to destroy the relative 
motion as if there is a tangential force dragging backwards. This is the viscous 
force. Newton showed that this force of internal friction ‘P’ is directly propor- 


tional to the area of contact ‘A’ and the velocity gradient E ` 
r 


dv 
Hence, f = —«-4 de 


sc (1475) 
The negative sign is indicative of the fact that the force is Opposite t. SUM 
of flow It should be remembered that this motion is quite differen ae 
diffusion flow and the internal frictional force is also quite different from the 
molecular attraction that we discussed earlier. The relation (1.75) is true for both 
gases and liquids, and is applicable only when the flow is laminar and steady-and 
not turbulent and disorderly. 

The proportionality constant is called the coefficient of viscosit ty. 


dv 
When A —] and ds i. o) T: 


Hence we can define the coefficient of viscosity as the tangential force required 


OO 
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per unit area to maintain a unit velocity gradient, i.e., to maintain unit difference 
of velocity between two layers unit distance apart. The coetlicient of viscosity 
is expressed in units of poise, which in cgs system is dynes per sq. cm. 

The flow of a fluid through a tube has been extensively studied in connection 
with viscosity. Consider a liquid (regarded as an incompressible fluid) flowin _ 
through a tube of uniform radius r and length L. The liquid layer at the walls of 
the tube is stagnant and the rate of flow of different layers increases as the centre 
is approached. The velocity is maximum at the centre of the tube (Fig. I.51). Let 
v be the velocity at a distance z from the centre, then from equation (1.75), 


f = — rzL È 


For steady rate of flow, this force is exactly equal to the driving force zz*(P, —P;) 
where P, and P; are pressures at the two ends. That is, 


Ed = 712z°(P,—Po) 


or a pee Viz 
r dv mL (P, —P3)d: 
2 de tus 
or v= AnL z*--c (constant) 
When v = 0,z — r, under such conditions, we have 
P,—P; 2 (2. 79 
ame 
—————— 
——— 


Fig. I.51 


The total volume of liquid flowing through the tube per unit time is given by, 


M if P,—P2 E t v(P, —P;) 4 
g4 = 2mzwdz = Í Qnz dab (r?—2?)dz Bob 
or E nt Se RTO) 
v (5) 


This is known as the Poiseuille’s formula. It must be remembered that this relation 
'S valid for incompressible fluid only. 


139, Viscosi the relation (L76) should also be appli- 
l uM er AD noe But gases are compressible and as such 
is necessary. The volume of Squid e pelle, the 
Mass) flowi section of the tube per second can be regarde as 
constant Mid ae incompressible: But in the flow of gases through the tube, 


EN —————— 
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the volume passing any sections of the tube per second is not constant, but the mass 
is constant. So, if V denotes the volume of a gas flowing across a section per second 
at a distance x from the entrance-point of the tube and p its density under pressure 
P over that section, we have 
pV — constant 
Since p o P, hence PV = constant. 


If we consider a small section dx at a distance x from the entrance-point of the 
tube with a pressure difference dP across it, then by Poiseuille formula, 


E EE 
E 89 dx 
or multiplying both sides by P, we have 
© art. dP 
Yi wir eder 


Now, if P, be the pressure at which the gas enters the tube and V, i 
E oe m g nd Vis the volume 


B, = PV 
or aj ST" GP 
! Ns 8p dx 
L a [Pa 
or I PiV,dx = —7"_| pap 


87 


j 0 Pi 
where L is the length of the tube and P,, P, are its end-pressures, 


rá 
fe Py, = l6; (P,2—P,2) 


as the pellet moves 
edge of the weight 


Fig. 1.52 Rankine's apparatus 


Lo wmrit 
7 8al(v, —v,) 


1.40] THE GASEOUS STATE 81 


where 1 is the time required by the pellet to move from A to B. The coefficient of 
viscosity of the gas is thus known. 


1.40, Viscosity of Gases and Mean Free 
Path. An explanation of the viscous drag 
in the gas-layer may be obtained from the 
kinetic theory. Consider a gas flowing in 
layers parallel to the XY-plane in the 
X-direction suchthat the layer adjacent tothe 
XY-plane has a velocity v — 0 (Fig. I.53). 
As the distance of the layers along Z-axis 
increases, the velocity of the layers will 
also increase. Now if a molecule passes 
from A in the lower layer to B in the upper 
layer, it will carry to the latter a momentum 
less than the average momentum possessed 
by the molecules at the upper layer, for the 
velocity of the molecules in the lower layer is Fig. 1.53 

less than that of the molecules in the upper 

one. On the other hand, if a molecule passes from the upper to the lower layer, 
the latter will obtain a momentum higher than the average momentum possessed 
by molecules of the lower A-layer. 


Now, apart from the laminar flow of the gas due to an external pressure, the 
molecules are all in random thermal motion. In consequence, there must occur 
interchange of molecules between the layers. The result is that the average velo- 
cities of the molecules of the upper layer will decrease and those of the lower 
layer will increase. This transport of momentum counteracts the relative velocities 
of the flowing gas layer. In other words, the transport of momentum is responsible 
for the viscous force. / 


Imagine a gas flowing in a horizontal direction (along OX direction in Fig 1.53) 
such that the velocity of flow of the layer OX is zero and the velocity gradient along 
z-axis is (dv/dz). Suppose the layer A has a velocity v. 


If / be the mean free path of the molecules then the molecules which will 
reach the given level A from below will have a velocity, v—I.(dv/dz) and those 
molecules which will arrive from above will have a velocity, v + / (8v/dz). 


All directions being equally probable, on an average, one third of the mole- 
cules would be moving up and down along z-axis, of which one-half would go 
upwards and one-half downwards. If we consider a cross-section *s of the gas 
layers, the number of molecules moving downwards will be gvcas per SCC, 
where c, is the average velocity of the molecules and ‘n’ is the number of molecules 
per c.c. The momentum transported to the layer A per sec. from above is then 
i mncas [ v + K(8v/dz), m being the mass of a molecule. 


Similarly, considering molecules reaching A from below, the momentum 
transported from the opposite direction is 4 mncas [v — (8v/dz)]. 


The net transport of momentum to this layer per second is the difference 
of these two quantities. 


4 mncgs [v + K8v/dz)] — & mness [v — ((8v/dz)] 


4 mne,sl(@v/dz). 


y 
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This momentum-change per second is the force of internal friction. 


a M3 1% 
15.4, = gmnesl,y, 
z 


Or n = 4mnc,l= tpcal avis. (1.77) 


The mean free path is thus calculated from the viscosity. 
Substituting / from equation (1.74) and remembering average velocity 


(p. cm Ge we have 


q = iP. = Gay 


2 
WH 

3r) Noo? 
It is evident that a knowledge of Avogadro’s number (No) and the determination 


of viscosity enables us to find out the molecular dimensions (c). Further we know 
that the van der Waals constant ‘b’ 


. . (1.78) 


is four times the actual volume of the mole- 
es, i.e., 
b = 4x4arxN, = $r Noo? E1579) 
Multiplying (1.78) and (L.79) and re-arranging, 
Gom Vx , ... (80) 
The van der Waals constant will thus give us the magnitude of the molecluar 
diameter. 


Problem : At N. T. P., the viscosity of hydrogen is 8.4 x 10-5 
of the molecules is 1.7 x 105 cms/sec. Calculate the mean free pat 
Now, [E Cc MONDEE CE p NE 

cp -1.7X10°x9x 1075 


poise and the average velocity 
h and the molecular diameter, 


= L6x10^5 cms. 
Fróm eqn. (1.74), 


a 
Il 


(aa) i ' 
E T E nur 
E ( CE Lun 


2.24 x 107* cms. 


l 


Problem : Calculate the 


molecular diameter of oxygen. Given n = 
b = 31.2 c.c. 


1.92 x10— at 0°C, 


Since o 


inb > We have 


m 

RTM 
314 

= xisbxuümexaiax [344 77 

Sept 84x10 x273 x32 


= 27x10? cms. = 2,7 A 


The equation (1.78) shows that the coefficient of viscosity » is independent of 
pressure. This has actually been realised in practice specially at relatively low 
pressures. It is considered as a very strong argument in favour of the kinetic theory 

This equation further suggests that the Coefficient of viscosity will be propor- 
tional to the square root of the absolute temperature. Experimentally however it 


L41] THE GASEOUS STATE 83 


is found that the increase in viscosity coefficient is higher than that predicted by 
this relation. This deviation is due to the existence of the intermolecular attraction 
of the molecules which was not accounted for in applying the kinetic theory. 
A. satisfactory empirical relation between the temperature and the viscosity co- 
efficient has been suggested by Sutherland in the form ; 


VT 
C 


1 eae) 
1+7 


?7—k 


where k, and C are constants for the gas. C is often called the Sutherland constant. 
We may also consider here the influence of temperature and pressure on the 
mean free path, /, of the gas. We have 


Tes 1 
~ V2rc?n 

At constant pressure, the number of molecules present per c.c. of the gas is inversely 
proportional to the absolute temperature (T). That is, / is directly proportional to 
the absolute temperature. Again, at constant temperature, 7 is directly proportional 
to the pressure and hence / is inversely proportional to the pressure. 


1.41. Thermal Conductivity of Gases. In the previous section, it was seen that 
the viscosity is a consequence of the transport of momentum across a velocity- 
‘gradient. A similar transport phenomenon arises in the thermal conductivity of 
gases. The thermal conductivity of a gas is due to the transport of kinetic energy 
across a temperature gradient, i.e., kinetic energy gradient. 


The kinetic energy gradient is dE along Z-axis. Then, as in the case of 


viscosity, we may say, the net transport of energy per unit time across area s, 
ye: 
= $nesxl ae 
- dE dT 
_ = þnoxl =. T i 
Where E = average kinetic energy per molecule. The amount of heat-flow per unit 
time is given by 
dT 
Q = rs. d 


Where « = the coefficient of thermal conductivity, i.e., heat-flow per unit time per 
unit area across unit temperature gradient. 


Equating, ns. IT = nes T 
or LE yir 
= 4nclnic, = tpcle, sta (1.82) 


for, dE = mcy dT, where cy = heat-capacity per gm, and m = molecular mass. 
Comparing with the equation (1.78), we have 


K = «6, vuv (1.83) 
Likewise, the diffusion in a gas is really the transport of mass across a concen- 
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tration gradient and in the same way it can be shown that the diffusion coefficient 
D is given by 


D 


or D 


fel s. (184) 
a 
p 


« «s (L85) 
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Problems 


1. A gram of He 
is its temperature? 

2. What is the densit 

3. Find the total 
4 litre flask at 27°C, 


4. At 27°C, half-a-litre of hydrogen measured 
measured at 400 mm of mercury are introduced 
resulting pressure, 

5. The rate of diffusion of a 
times as slow as th 
‘the metal, 


6. 100 c.c. of iodine vapour at 600°C took 


of oxygen under similar conditions required 50 
vapour at 600°C, 


gas is confined in a 2-litre flask under a pressure of 2.05 atmospheres. What 


y of CO, at 127°C if confined under a pressure of 2280 mm? : 
pressure exerted by 1.6 gms of methane and 2.2 gms of CO, contained in a 


at 500 mm of mercury, and a litre of oxygen 
into an evacuated 1-litre vessel. Calculate the 


volatile metallic flouride containing 32.39% fluorine is 13.27 
at of hydrogen. Establish the formula of the flouride and the atomic weight of 


125 sec. to effuse through a hole. An equal volume 
seconds. Calculate degree of dissociation of iodine 


y Victor Meyer’s method : 
C and 755 mm pressure, Aqueous 


9. Calculate the root mean square yelociti 

at 27°C, (ii) Deuterium molecules at N. T. P. 

10. Calculate r.m.s., average and most 

11. Find out the kinetic energy of transl 

12. What is the kinetic energy of 2 gm-m: 
a pressure of 10 atmospheres? 

13. If the density of helium be 0.18 gms/litre at 760 mm, what is the moleculer velocity ? 

14. Find out the number of molecules present per c.c. in a vessel evacuated to a pressure of 
107* mm at 27°C, 

15. Calculate the number of bimolecular collisions per c.c. 
diameter of helium atom is 2.18 A. 

16. For carbon dioxide, 7, = 3 
Waals constants. 

17. Sulphur dioxide is a van der Waals 
15 atm. Find out its temperature. 

18. Molar volume of helium at 100 atmospheres and 0°C is 0.01107 times the volume at 1 
atmosphere and 0°C, Assess the radius of the helium atom. Assume the intermoleculer attraction 


between He-atoms is negligible. [Ans. r = 1.44] 


es in centimeters per second for (i) CO, molecules 
probable velocities in cms per second of O, at 0°C. 


ation in ergs of 5 moles of a perfect gas at 0°C. 
oles of an ideal gas occupying a volume of 5 litres under 


in helium gas at N. T. P ; the 


00°K and its critical density is 0.45 gms/c.c., calculate van der 


gas. Three gm-moles of the gas occupy 10 litres at 
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19. For argon, T,= —122*C and P,= 48 atmospheres. What is the radius of the argon atom? 
20. At N. T. P. the viscosity of hydrogen is 8.4 X 10-5 poise. Its density is 9 x 10-5 gm/c.c. 
The velocity of Hy-molecules is 1.7 x 10° cms/sec. Find out the diameter of the molecule. 
21. Define electron-volt unit of energy. Calculate the number of ergs per molecule, and kilo- 
calories per gm-mole corresponding to 1 electron-volt per molecule. 
22. The diameter of argon is 2.86 A. What is the mean free path of argon at 25°C and 1 atmos- 
phere pressure? 
23. The sp. heat of a gas at constant volume is 0.075 and that at constant pressure is 0.125. 
What is the mol. wt. of the gas? [Ans : 40] 
24. Write the integral which expresses the total amount of energy held by molecules with 
“energies greater than some value, say e. 
What fraction of molecules have energies greater than 10 kT? 
25. Compare thé volume of 10 gms of HCI gas at 100*C and 25 atmosphere pressure given 
by ideal gas law with that given by van der Waals relation. 
(a = 3.67 atm litres*/mole* ; b = 4x10-? litres/mole) 
26. At 27°C, what will be the ratio of reduced temperatures of CO, and NH3? ` 
27. Show that the reduced form of the Berthelots equation of state would be 


[Rea] 


28. Calculate the heat that will be given out when 2 moles of Argon are cooled from 100°C 
to 0°C at (i) constant volume and (ii) constant pressure. 
29. At 27°C, the viscosity coefficient of a gas is 150 micropoise at 1 atm. Find the molecular 
diameter of the gas molecule. 
(b) At 0°C, « for oxygen is 103 x 10-* poise. What is its molecular diameter? 
30. The limiting density of hydrogen bromide is 3.610 at 0°C. Calculate the exact at. wt. of 
bromine. [H = 1.008] 
[Note : M = (aip)RT] [Ans : 79.851] 
pr 
31.'In an experiment with HCl-gas, the following data were obtained, 
normal density = 1.6391 gms/litre 


PV, = 5481 pov, = 5521 


Given the limiting density of hydrogen as 0.089922, find out the true atomic weight of 
chlorine. [Ans : 35.466] 


32. At 520°C, the vapour density of PCI; was found to be 57.92. What percentage of the 
pentachloride is dissociated ? [Ans : 79.98%] 


CHAPTER II 


THE LIQUID STATE 


he liquid state 
is thus an intermediate one between the gaseous and the solid states. This state- 


liquids approximates that of gases, This we have already obs 
Andrews curves (Fig. 1.8). 


Density Latent heat 


Specific heat 
m MA TE ur] 
Fusion 


Liquid Vaporisation Solid 


Liquid 


The facts stated above enable us 


to obtain 
the structure of liquids, Th 


€ compactness and coh 


an approximate idea r 
€sion observed in the | 


egarding 
iquid are 


ee 
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indicative of a structure similar to that in a solid while the cómparative ease with 
which the liquids flow or diffuse indicates a disordered random structure like that 
Occurring in a gas. In a crystal we have a perfect and well ordered arrangement 
of the molecules throughout the entire mass ; each molecule is surrounded by a 
set of other molecules in a particular symmetrical pattern. Since on melting a 
crystal expands only about 10 per cent in volume or about 3 per cent in intermole- 
cular spacing, it is only reasonable to conclude that a molecule in the liquid state 
must still remain in the vicinity of some molecules surrounding it. The molecular 
arrangement cannot be as random as in a gas and there cannot be a great deal of 
freedom of movement. The ordered arrangement is not therefore completely 
destroyed when the solid isliquefied. The crystal structure involves rigorous geome- 
trical order. The thermal motions introduce a disorder. It is certain that the 
introduction of a small region of disorder into a crystal would cause disturbance 
in the long range and destroy the crystalline arrangement. That is why there 


Crystal Liquid Gas 
Fig. II.1 


i iation i i i liquids. This explains 
I$ an ab the properties between solids and i 
the DD alti ng lois. This idea Dae uu euer T. 
Bernal’s t i ional models (Fig. II.1) of solid, liquid an x all dis- 
order is PEE the liquid by permitting only five surrounding atoms to 
an atom instead of six atoms as provided in the solid. The remaining circles 
(atoms) were then drawn in the utmost possible ordered arrangement. The 
Mans how that the dBorde mures aa len e  o en 
o i r do remain. That is, w e c 
PL Ree qun ; it spreads in all Cee dssttay ing the enire 
re iqui iv therefore be considered to have a structur 
des Haare wae oe Pose pattern extends over a short range 
insteaq pal ecu mass. This has been called "short range order and tong 
range dis Duk Ain however be emphasised that the short range order in the 
ouden: priina because of the thermal motion. 


liquid str 1 i hanging " 

ucture is continuously chang ifferent structure. According’ to 

a somewhat differen 7 g, 
UNDE E of well-ordered groups, each containing 
a few e re 2 B x 
tactic grand molecules MEET R TATUS grouns are the disordered chaotically: 
i x tacti 

of ai’ molecules. In other words, the 24 not however permanent and there 


is isorganised molecules. These rone E groups and the disordered mole- 


cules, I 
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perties of the liquid. Another concept has been develope 
order-disorder idea. There are vacant 


© may now consider some of the ty 


Pical physical Properties of the liquids, 
such as vapour-pres i 


sure, surface tension, viscosity, etc, 


VAPOUR PRESSURE 


© much greater c- 
s the free Space. In order to pass A the iue 
phase, the surface molecule must possess sufficient energy Ipo 
of attraction. 


to Overcome the’ force 

If E denotes the excess energy 
overcome the force of attraction and 
aving energy more than E (per gm-m 


-—E|RT 


m = ne 
where 7 is ee ged of molecules per c.c. of the liquid 
Ng denotes the number of molecules f 
condensation of the va Se Hs 


. of the Vapou 
te Pour molecules will be piy , Pour, the rate of 
At equilibrium, the rates of condensation and O7 A'N bot Constant, 


Would be equal and 
~EIR 
A^ng = * 
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Assuming ideal behaviour for the gas, we can write the vapour pressure P, as 


P= eR = "9 RT (where Ny = Avogadro number) 


= 
Ni 
or ng — nr? 
R -E|RT —E|RT 
Substituting, P= ( YN ) Te = ATe 
0 


where A is a constant, since n, is practically independent of temperature. 
InP =— = +-InT + a constant Bee (lc) 


The relation is found to be generally valid. We shall later on derive thermodynami- 
cally a more precise relation between the vapour pressure and the temperature. 

The excess energy E associated with the transformation of a gm-molecule of 
liquid to vapour is the internal latent heat of vaporisation, (L4) of the substance. 
But the heat supplied to a gm-mole of liquid to convert it into vapour is called 
the /atent heat of vaporisation, L. This includes the internal latent heat of vapori- 
sation, required just to overcome the forces of attraction or cohesion in the liquid 
plus the work involved in the expansion of the gm-mole of the substance in the 
transformation. If Vg and V; denote the molar volumes in the vapour and liquid 
States, then 

L = Li4-I(V4 —Vi) = Li + PV; = Li + RT 

assuming ideal gas laws and Vg > Vi. 

Hence, Lı = L—RT S2) 

L— RT 

We have now, In P = — wr - + In T + a consstant neers (11:9) 
IL3. Determination of Vapour Pressure. Different methods are employed for the determina- 
tion of the vapour pressure of liquids. We shall mention here briefly the outline of a few methods 
only. One of the earliest methods is to introduce a little quantity of the pure liquid (free from 
dissolved air) in the Torricelli's space over mercury in the mercury barometer tube. The quantity 
of the liquid introduced should be sufficient as to leave a little of it unvaporised. The mercury 
column is depressed and the amount of depression, which gives the vapour pressure, is obtained 
by comparing with the barometric height at the time. By placing outer heating jackets around 
the barometer tube, the vapour pressure at different temperatures can also be found. 


Fig. II.2. Isoteniscope 
The vapour pressure is often measured by using the isoteniscope of Smith and Menzies 


(Pig. 11,2), It consists of a small glaas-bulb (2 om-diam,) 4 connected to a small U-tube B. This 
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MANOMETER 
& 
REGULATOR 


Fig. I4 bubbles is passed through the liquid 
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Then, p= » RT (M — mol. wt. of the vapour) 
v 


where p is the partial pressure of the vapour, i.e., the vapour-pressure. This method has been 
employed specially in determination of vapour pressures of several molten metals. 


Sd The vapour-pressures of some commonly used liquids are given in the Table 
elow. 


VAPOUR PRESSURES OF LIQUIDS IN MILLIMETERS 


C,H;OH C,H, CeHsCH; CCl CHCl, CH;,COOH 


23.8 45.2 56.0 100.5 — 
43.9 75.6 91.0 159.6 11.7 
78.8 120.2 143.0 246.0 20.6 
135.3 183.6 215.8 366.4 34.8 


2222 271.4 317.0 526.0 56.6 
352.1 390.1 450.8 739.6 88.9 
542.5 541.4 622.3 136.0 
753.6 202.3 

E293 

417.1 


II.4. Vapour Pressure and External Pressure. So far it was presumed that the 
liquid was under the pressure of its own vapour only. But if the liquid is subjected 
to higher external pressures, then the vapour pressure changes. The relation 
between the vapour pressure and the external pressure is given by Gibbs equation 
in the form, 

Vdp = VidP 
where Vy and V; are the molar volumes of the vapour and the liquid at the given 
temperature T. The vapour pressure is given by p and external pressure by P. 
Assuming ideal gas laws, we have, 


QN SEE 
Pas dae 
or In p e RT (P,—P;) 


where.p, and p, are the vapour pressures under external pressures Py and P». 


The molar volume V; is regarded as independent of pressure. 


Problem : Calculate the increase in vapour-pressure of water per atmosphere- 
pressure at 10°C. (The v.p. of water at 10°C = 9.2 mm.) 


Pı 18(2—1) 


rise in external 


ea i = = 82.05 c.c. atm. per degree 
nC 805x283 [Since V; = 18 c.c., R = 82.05 c.c. atm. per deg ] 
or log? — 0.0004, whence p, — 1.001 ps. 

2 


or Ap = p—p; = 0.001 p. 
_ That is, the vapour-pressure increases by 0.1 % of its magnitude for one atmosphere rise in external 
pressure. 


II.5. Internal Pressure. There are forces of attraction or cohesive forces between 
the molecules in a system. These forces depend on the intermolecular distances. 
In the case of gases, the forces are quite small because of the large intermolecular 
distances. But in the case of liquids, the cohesive forces are of primary importance. 
When the molecules are however in very close proximity, there also arise the repul- 
sive forces of appreciable magnitude. The resultant of the forces of attraction 
and repulsion is called the in‘ernal pressure, Ps. Evidently the internal pressure will 


depend upon the volume of the liquid (V). Any increase in volume will involve 
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performance of work against the internal pressure. Now, if U denotes the inherent 
energy of the given mass of liquid, which is called internal energy in thermodynamic 


terms, then (57) dV denotes the energy-change associated with the volume- 


change at constant temperature. This is equal to the work performed in expand- 
ing the Jiquid by volume dV against internal pressure P;. That is, 


QU au 
Py = (Sr) av. MAR (5v), Num 


It can be reasonably assumed that the internal | 
the work done in vaporisation of a gm-mole of liq 
internal pressure P;. Then, 


QU JL 
Ne (m) = PY, or pL "r5 


from which the internal pressure P; may be evaluated. 
Again, anticipating a thermodynamic relation (Sv) = (Sr) =P, 
T y 
Where P is the external pressure and ier) 


or 
ing that van der Waals equation is al 


atent heat of vaporisation is 
uid of volume V against the 


is the pressure-coefficient, and assum- 
V 
"s so valid for liquids, we can write, 
PBoB(I—) LT(9PN y a Ma 
(37). (A ; Pi PA ECCE. ... (IL6) 


. SURFACE TENSION 
II.6. Surface Tension. Surfa 
properties of liquids, 


-membrane tends 


akes spherical 
rea, 


Fig. 1.5 


à . Fig. 11.6 
being attracted in all directions (Fig. II.6a). 


But if the film is punctured in one 
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part, say A, the thread will be pulled now in the direction of B only (Fig. II.6b) 
where the film is intact. The thread will immediately assume the most- 
stretched position. 

The floating of metallic needles in water, the dancing of camphor on water, 
the rise of water-level in capillary tubes are all phenomena due to surface tension. 

Now, since the surface is in a state of tension, an attempt to make a penetra- 
tion along any line in the surface will require an application of force to hold the 
separate portions of the surface together. This force is called the surface tension, 
denoted usually by the symbol y. It is expressed as the force in dynes per unit 
length acting at right angles to the line along the surface of the liquid. 

Any increase in the area of the surface of a liquid against its natural tendency 
to contract will require performance of work. Consider a liquid film PORS contain- 
S p P ed in a rectangular wire-frame, in which the 
i side PQ is movable (Fig. 11.7). Suppose now 

f the film is stretched by moving the boundary 
] PO by x cms to P'Q'. The length of PQ is! 
L ; cms. If y be the surface tension acting per cm, 
Xn the force acting towards the film is y.2/. It is to 
R Q Q’ be remembered that there are two surfaces of 
the film. 
Fig. 11.7 

The work done in stretching the film, 

W = y2lxx = y.2xl = y. AA Moe B7a) 
SEU 

or dA ^A 
AA is the total area of the new surfaces created on the two sides of the film. 

The work (in ergs) necessary to create or extend one sq. cm. of surface area 
is called the surface energy of the liquid per sq. cm. In other words, the surface 
tension is numerically the same as the surface energy of the liquid per unit area. 
The total surface energy is obtained by multiplying the surface tension of the 
liquid by its area. 


11.7. Angle of Contact and Wetting of Surface. The surface of contact near its point 
of contact with a solid is generally a curved one. The angle between the tangent 
to the liquid surface at the point of contact and the solid surface, inside the liquid, 
is called the angle of conctact for that pair of liquid and solid. The angle of contact, 
which depends upon the nature of the liquid and the solid, may obviously have 
values between 0° and 180° (Fig. 11.8). For water and glass it is approximately 18°, 
whereas for mercury and glass it is nearly 140°. 


fey Yb 


Fig. 11.8 


It is also common experience that some liquids spontaneously wet the surface 
of some solids and spread over them while other liquids do not wet and spread 
on certain surfaces. Thus water on glass, alcohol on glass or cement, oil on cloth 
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will easily wet the surface and spread over them but mercury on glass, water on 
solid paraffin, etc. will not wet or spread. This can be understood from the follow- | 
ing consideration. In Fig. IL8 (c), let yrs Yas, ya; denote the surface tensions for j 
liquid-solid, air-solid and air-liquid respectively. The liquid on solidification does 
not lose its surface-tension, though the outward manifestations are not seen on 
account of the rigidity of the solid. When there is equilibrium, 


Yas = Yis + Yat cos 
where 6 is the angle of contact of the liquid with the solid. 


If yas >is + Yat Cos@, then there cannot be any equilibrium and the liquid 
will spread over the solid. From above, we have, 


18s. Gy 


cos@ = Y% Yis 

Yal 

If yas>yis, then cos@ is positive Le., 0 is less than 90°. 1f Yis > 0i 

s panne NS E 20". Yas, COSÓ is 

negative and 0 is more than 90°. The first is the case with water oU glass and the 
second with mercury on glass. j 


11.8. Pressure on a Curved Surface and Surface Tension. 
very often the free surface of 


As already mentioned, 
exists due to surface 


s. 5 J Tce at ci d 5 

» the result Sages 
face at O is yd0. The outward pressure P per unit ae we poring the sur- 
where r is the radius of Curvature. At equili OF this 


prdó = yd0, or prs 
r 
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This pressure p really counteracts the surface tension effect and will be directed 
outwards, for, the pressure on the concave side must be greater than on the convex 


side. 
Further if we consider the surface also curved at right angles to the first 


direction, for which the radius of curvature is r^, then there would be another 
pressure due to this second curvature as in Fig. II.9a. The total resultant pressure 
due to the two curvatures at rt. angles, would be, 


de D e. ac 
P = p+p' = 2+} = [7t] 
If the surface is spherical, r = r', so 


p= ... (IL9) 


II.9. Rise of Liquid in a Capillary Tube. A very interesting effect of surface tension 
is the rise of liquid in a capillary tube. If a capillary tube is partly immersed verti- 
cally in a liquid, which wets the surface, the menjscus of liquid within the tube 
will be concave upwards, as in Fig. II.10(a). The 
result is that at the point A just below the surface in 
the tube, pressure will be less than that on the vapour 


; 2 x . 
side above by an amount A where a is the radius of 


curvature of the meniscus. On the other hand, the 
pressure at the point B where the surface is flat, 
there is scarcely any difference of pressure on the 
two sides of the surface. But the pressure on the 
vapour side both in the tube and outside are the 
same. Hence inside the liquid the pressure at the 
point B will be higher than the pressure at the point 
A. The liquid therefore is pushed up the capillary 
tube until the level reaches the point C. The pres- " 65 
sures at A and B are now equal because of the . 

excess hydrostatic pressure over A. The equilibrium Fig. 11.10 

is thus attained, (Fig. II.10b). It can be easily understood that if the liquid does not 
wet the tube-surface, the meniscus would be convex upwards, and the liquid-level 


inside will be depressed. 


>a 


11.10, Measurement of Surface Tension. A variety of methods are employed for 
measuring surface tension. Only a few of these will be mentioned here. 


(a) Capillary Rise Method : A thoroughly cleaned capillary glass tube of uniform bore is 
kept partly immersed in the experimental liquid in a vertical position. The liquid rises in the tube 
and attains a particular height. The height / of the liquid from the surface of the bulk outside 
to the bottom of the meniscus (Fig. 1.11) is carefully measured with a travelling microscope. 
The radius r of the capillary tube is predetermined by the usual method of inserting a pellet of 
mercury and measuring its length and weight. 

The upper meniscus is concave and if 0 be the angle of contact then, the vertical component 
of the surface tension (y) will he y.cos@. The contact line of the meniscus with the wall of the 
tube is 2zr. Hence the net upward pull is 2zry Cos@. This is balanced by the weight of the 
liquid which has been drawn up. The weight of the liquid column is (sr*A--w)p.g, where v is 
the volume of the liquid in the curved meniscus itself, and p is the density of the liquid. Then, 


2ury cos 8 = (nr?h--v) pg 
The radius of curvature of the concave meniscus may be taken to be the same as the radius of the 


capillary tube. 
So, v = argar = for? 
Substituting, 2nry cos 0 = (ar*h+gnr*) pg 


AE oe rpg(i-- 3r) 
or yy . . . (1.10) 
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of Cos Or td oo 686 


Fig. II.11 
Often is found to be nearly zero, so that cos@ = 1, hence 
y= ehti) dynes/cm ei LU) 


Thus, the measurement of 


h and r with a knowledge of the density p will enable us to determine 
the surface tension. Variou: 


s precautions are of course taken in making the measurements. 


as a spherical one, 


is the surface tension and r is the radius of the capillary end. At the moment of brcaking, 
opposite pressures are equal. So, 


2 
P+ pg = P+ hmg + 2 


Fig. 11.12 
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r: 
or y z LS ] 


where P = atmospheric pressure, 
pi = density of manometric liquid, 
pa = density of the experimental liquid, 
hy = reading of the manometer. 
(c) Drop-Weight Method : When a drop of liquid is at the point of being detatched from 
the circular end of a vertical capillary tube, the upward and downward forces must balance one 
another. The upward force is 2zry. The downward force consists of the weight of the liquid drop 


and the excess pressure inside the drop, which has a curved surface. The drop at the moment of 
Y 


detatchment is considered cylindrical at the mouth. So, the excess pressure inside the drop is r 


Hence, the total downward force = mg+7r?. Y At equilibrium, 2ary = mg-zr?. T5 
r 


did sa . (IL12) 
nr 

The determination of the weight of a liquid drop and theradius ofthe capillary 
mouth would give the desired surfacetension. In fact the relation is not so simple. 
The quantity of the liquid released in a drop depends on various factors. From a 
careful study of it with liquids of known surface tensions Harkins and Brown have 


established an empirical relation, 


or y= 


2m 
a mix 


v : E 
where ¢ is a factor depending upon > v being the volume of the liquid drop. The 


values of ¢ for tubes of different dimensions have also been tabulated by them. 
If p denotes the density of the liquid, we may write 
vp 
yiip 
This relation is often used to comparethe relative surface tensions of two or more 
liquids, A pipette-like tube (Fig. IT.13), called Stalagmometer, having a very smooth 
capillary end is used for the purpose. The tube is thoroughly cleaned and the 
experimental liquid is sucked in. The apparatus is kept in a vertical position in an 
enclosure free from disturbances or air currents. Theliquid isallowed to drop very 
slowly, ensuring that every drop is fully formed. A definite volume of the liquid 
(say v. c.c) determined by marks in the stalagmometer is allowed tocomeout and 
the number of drops (n) counted. The density of the liquidis separately determined. 


Then, 


g 
n P $ 
Eu 
if H L 
The experiment is repeated with a second liquid whose surface tension y 
is known. 
v , 
wP 
That is, y= z 
Since, the same stalagmometer is used and the external factors are unaltered, v and r are the same 


and 4 is assumed to be the same, i.e., 


$ Fig. IL.13 


, 
2 t, m are 13) 
Y np 

ies are known. 


is easily calculated as other quantit p 
^ (d) The Ring Detatchment Method (du Nouy) : This is now a commonly used method for 
quick determination of surface tension with appreciable accuracy. It is based on measurement 
of the force P, required to detatch a horizontal platinum ring (radius R) from the surfaces of the 
experimental liquid. The force will be required to C the pull due to surface tension. So, 

es (ILIA) 


pss TATRY Eel ay 4aR 
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P 
To be precise, the relation is to be expressed as y= Tr $. where à is Harkins and Jordan correc- 
T. 


tion factor,* which depends on the size of the ring, the thickness of the wire, density of the liquid, 
etc. The apparatus used is the du Nouy’s torsion balance (Fig.14). The Pt-ring is thoroughly 
cleaned and suspended from the hook of the beam balanced at the other end by the torsion- 


wire. One end of the torsion 
wire carries a pointer on a cir- 
cular scale and is previously 
calibrated with known weights 
taken by the beam. In aflat 
dish, the liquid is taken and 
placed in such a way that the 
Pt-ring just touches the surface. 
The knob of the torsion wire is 
then slowly turned until the 
ring is just detatched from the 
surface, keeping the beam al- 
ways in horizontal position. 
The reading of the pointer 
gives the force P just at the 
moment of detatchment of the 
ring from the liquid surface. 
The magnitude of y is then 
evaluated from equation (II. 14). 


Fig. 11.14 


IL11. i ` De duis : 
mor CM and Vapour Pressure. Surface tension is connected with the 


molecules. The process of tion in which th le- 
cules esca: P SS O evaporation in whic e mole 
A relation thera ete, Surface also depends upon the intermolecular attraction. 


L 1t were not so, then there would have bee densati 
evaporation at 4, and a circulation i Supp een, 
TP D Sorta m E n would set up without any supply of energy, 


dp — hdg 
But we know, h = 27 
pgr 
Lad dp = 2ydg = 2yd 
pgr pr 
Assuming ideal gas laws for the vapour, d — Mp 
RT’ 
we have, 
2ypM wrd 2 
dp = <2" aP _ 2yM 
P T pRI he P CORP .. (ILIS) 


This is the relation betwee 


n the surface tensi 
vapour pressure, VUES 


Fig. 11.15 


* J. Am. Chem. Soc, 1930; 52, 1756. 


ee 
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1I.12. Surface Tension and Temperature : Eótvós-Ramsay-Shields Relation. It has 
Benerally been observed that the surface tension of liquids decreases with 
rise in temperature. A quantitative relation, though empirical, between surface 
tension and temperature was given by Eötvös. If M be the molecular weight and 
v be the specific volume of a liquid, then molar surface of a liquid, assuming it to 
be a spherical mass, is proportional to (Mv)??. The molar surface energy is then 
k,(Mv)*3y, where y is the surface tension of the liquid and k, is an appropriate 
constant. Eótvós suggested that the molar surface energy bears a linear relationship 
to temperature (7), i.e., 
k,(Mv)*8y = —kgt+-c, (constant) 
or (Mv)*^, = —kt-+e (constant) 


‘Remembering that at the critical temperature 7; the surface tension (y) is zero, 


we have, the constant c — kte 
Hence, (Mv)*By = k(te—t) 

It follows that if we plot (Mv)?*y against temperature, the line will meet the tem- 
perature-axis at the critical temperature. Ramsay and Shields, however, showed 
from experimental results with many liquids 
that the lines actually cut the temperature-axis 
approximately six degrees before the critical 
temperature. Eötvös equation was therefore 
modified to the form, in order to conform to 
experimental results, 

(Mv)*8y = k(te—t—6) .. . (IL16) 

For many liquids, the constant k often 
called Eötvös-Ramsay-Shields coefficient, has 
the same magnitude, 2.1. The constant is 
evaluated by measuring surface tension and 


specific volume (from density) at two tempera- 
tures, for, t—— vite 


k = — Mv)? —,y (Mv) 2L. LIT) Fig. IL.16 
hl, 

In the case of water, alcohol, carboxylic acids, etc., the value of k was found 
to be less than 2.1 and the value also rises with temperature. This abnormality 
has been attributed to the associated state of the molecules in these liquids. That 
is, the value of k is 2.1 for normal liquids, but for the associated liquids the magni- 
tude is less. Ramsay and Shields further suggested that if x molecules be associated 
to form each unit in the liquid state, i.e., if x be the degree of association, then 


VM vc M ESSA + (IL18) 
Le 

from which x the degree of association can be obtained. This relation is only a 
qualitative one. There are quite a number of non-associated liquids for which the 
k-value is less than 2.1. On the other hand, many liquids are known having 
k-values much above 2.1. 


aH PAY ae 


Macleod's Equation : Macleod proposed a relation between surface tension 
and density empirically in the form, 
y#/(D—d) = c (constant) .. . (IL19) 
where D — density of the liquid and d — density of the vapour. 


This relation can also be arrived at from Eótvós equation and van der Waals 
equation, 


(a) Eötvös : x) k(t.—t) = k(Te—T) kr. (1 T) 


which was modified by Katayama, as 


Aaa = eem) ... (1120) 
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(b) van der Waals : y = yo ( 1 ae n where n e 1.2 REZI) 
[4 


By combining equations (IL.20) and (11.21), we obtain the Macleod's equation 
(IL.19). This relation is obeyed by many organic liquids almost very near to their 
critical temperatures. We shall see later an important application of Macleod's 
equation in connection with the determination of the structure of molecules. 


The surface tension values of some common liquids are given in the Table 
below. 


SURFACE TENSIONS OF SOME LIQUIDS IN DYNES/CM 


Temperature (°C) 


20° 


Benzene 
Toluene 


Carbon Tetrachloride 
Acetone 

Methanol 

Ethanol 

Water 


Problem : A capillary tube of internal diameter 0.2 mm is dipped into water when water rises 
15 cms. Calculate surface tension of water. 


Neglecting curvature and assuming that angle of contact is zero, 
= thdg 

2 
Problem ; What will be the pressure inside an air bubble of 0.1 mm radius situated just below 


the surface of water. [ Ywater = 72 dynes/cm, atm. p = 1.013 x 10° dynes/cm? ] 
The atm. pressure on the surface = 1.013 x 10° 


The excess pressure inside the bubble = = E 
r . 


Hence net pressure inside the bubble = (1.013+0.0144) x 10° 


= 5 (0.01 x15x 1X 981) = 73.6 dynes/cm 


= 0.0144 x 10° 


dynes 
cm* 
Problem : A drop of water, 0.4 cm in radius, is split up into 125 tiny drops. Find the increase 
in surface energy. [water = 72 dynes/cm] . 
If r be the radius of the tiny drops, then 
4/3 (0.4)? = 4/3 n(r)?n = 4/3n(r)?x 125, whence r = 0.08 cm. 
The increase in surface area is 
4m (0.08)? 125 — 4r (0.4)? 
= 4m (0.64) sq. cm 
The increase in surface energy = area X surface tension 
= 47x0.64X72 = 578.6 ergs 


Problem : The limbs of a vertical U-tube have internal diameters of 1 mm and 2 mm respec- 
tively. It is partially filled with a liquid of density 0.82 and surface tension 50 dynes, What is the 
difference in level of the liquid in the two limbs? 

Difference of pressure in the two limbs is 


2y 2y _ wale Pli nd 
irr 2x50 Los i = 1000 dynes. 
zn hdg = 1000 
y 100. 100 — | 
or ! — "dg - 082x981 ^ 1-24 cms 
VISCOSITY 


IL13. Viscosity of Liquids. In section I.38, we have defined the viscosity of liquids 
as the property which opposes the relative motion of adjacent layers. It is indeed 
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a kind of internal friction. We have also defined the coefficient of viscosity (n) 
there as the tangential force per unit area required to maintain uuit difference of 
velocity between two layers unit distance apart. It is expressed in dynes sec per 
sq. cm. Poiseuille’s equation (1.76). 


q = hora (1.76) 
sx (&) Foe 


is the basis of most of the methods employed for the determination of coefficient 
of viscosity. We shall briefly mention here the outline of some of the methods. 

(i) Measurement of Absolute viscosity. 1f v volume of a liquid flows slowly 
through a capillary tube of radius r and length / in time t under a constant pressure- 
head p, then the Poiseuille's equation may be written as, 


DER ENS mo 

= gw C ) 
The knowledge of radius and length of the tube and determination of volume of 
liquid passing in a given time under a known pressure-head would give us the 
viscosity. This can be conveniently done in Koch's apparatus shown in Fig. IL.17. 
Tubes x, y and z have the same radius c. The liquid in x is allowed to fall from 
a, to a, and it flows through the horizontal capillary tube M of length 1. The level 
in z rises from b, to by. The time required is measured, say 0 seconds. 


INITIAL LEVEL 


FINAL LEVEL 
b; 


INITIAL LEVEL 


b, 


Fig. I1.17. Koch’s apparatus for determination of viscosity 


If we assume that in a small time-interval d0 seconds, dv c.c. of liquid flow 
through the capillary tube, then applying equation (II.22), we have 
a Pr*d6 T mhpgr* 
85 8h 


lee p is the density of the liquid, and r is the radius of the capillary. But.we 
now, 


dv — 


dé 


e one aah 
Hence, — n = TEC dé 
PME YS DE Tou 
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Substituting (I) in (II), 
<4 m(h; —h;)gpr*0 


hy 

Sluln hg 
The quantities on the right hand side being measured, the value of 7 is known. 
It should be remembered that the flow through the capillary must be a slow 


streamline one without any turbulence. There must not be any slip at the surface 
of the capillary. 


(ii) Relative viscosity. It is often quite convenient to determine the relative 
viscosity of a liquid, say with respect to water. The absolute viscosity of water 
has been determined very accurately at various temperatures. We can thus easily 


obtain the true viscosity of a given liquid. The relative viscosity for ordinary 
liquids is commonly determined with the help of the Ostwald viscometer. It 
consists of a tube as shown in Fig. IT.18. 


The bulb in the wider limb of the tube is first filled 
with the liquid and the liquid is then sucked up in the 
narrower limb up to the level a,. The liquid then flows 
down the capillary X and the time 0, required to fall from 
level a, to a; is carefully noted. The experiment is repeated 
with water in the same tube and the corresponding time 
(6;) is also noted. Obviously, 


Ven _ ahp,gr*d, 

for the liquid, "Ei are 
| thpwgr*d, 

and for water, "he ES 
ul P18 £10, 

or += Emos EL 
a AIR MOREM "e Puba 


The density of the liquid and the densi 
separately determined with the help of a pyknometer, 
Adequate precautions must be taken to maintain constant 
temperature (by using a thermostat) and the tube must be 
orouehly AR before use. 

e relative viscosity may also be determined b 
several other methods, only t i ien" 
mentioned below. P LUI. LMRIGH dre bricfiy 


ty of water are 


ome the visc 
Fig. 11.18 was shown by Stokes that wh ratio 


s y 7, then the driving f. i 
just balances the frictional resistance is given by the relation, a AS 

AT Ern ++. (123) 
If the spherical body falls under gravity, then we know, i 


f = A[3nr*(d—di)g 
where d and d; are the densities of the solid s 


phere and the liquid respectivel 
Hence, 6rnru = 4/3n1°(d—d)g ju d 
$ .. 2 r'(d—dig 
M “u=5 A ++. (IL24) 


This is Stoke’s law. 
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Evidently if we can measure the velocity of a spherical 
ball moving down through a vertical column of the liquid, 
it would be easy to know the viscosity of the medium. 


An apparatus of the type shown in Fig. IL.19 is used 
for the purpose. The tube is filled with the liquid under 
investigation. Small steel balls, having diameter of 2-3 mm. 
are dropped through the narrow opening at B. The time 6 
taken by a ball to travel from a, to d; is noted by a stop 
watch. The velocity (u) is given by length a,a./ 0. The co- 
efficient of viscosity is then calculated from the equation 
(11.24), The tube 4 is kept in a large cylinder of water pro- 
vided with a thermometer and a stirrer to maintain constant 
temperature. 


The walls of the tube however influence the velocity 
and a correction term is employed for the same in the 
form 


_2 r'(d—d)g 


g * (1421 R) pe 
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where R is the radius of the container-tube. 


Fig. 11.20 


Fig. 11.19 


When the relative viscosity is determined by this 
method, times of fall of the same steel ball through 
the two liquids, 0, and 6,, are determined. Then, . 


—1—43. 7 ON (1026 
Ne d—dy 6; oe) 
where dj, and di/'are the densities of the two liquids, 
—experimental one and the reference one. The 


method is suitable for liquids which are comparative- 
ly more viscous, such as castor oil. 

Rotating cylinder method : Hatschek viscometer. 
In this method the liquid is taken in between two 
concentric cylinders A and B (Fig. 11.20). When one 
of the cylinders is rotated, say the outer cylinder B. 
with a constant angular velocity, there 1s shearing of 
the liquid and it drags the inner cylinder with it until 
the twist of the suspension wire neutralises the same. 
The deflection (A), noted by a mirror (m) and a scale, 
is proportional to 7 and to u, the velocity. 

That is, A = kmu 
Ai 


The relative viscosity then, 71/72 = ^ 
2 


The method gives satisfactory results for liquids of high viscosities. 
The viscosities of some common liquids are given in the Table below. 


VISCOSITIES IN MILLIPOISES AT 20°C 


Water 10.05 Chloroform 5.63 
Ethanol 11.94 Carbon Tetrachloride t 9.58 
Methanol 5.93 Chlorobenzene 6.37 
Acetone 3.31 Nitrobenzene 19.8 

Ethyl ether 2.45 Benzene 6.47 
Acetic acid 12.22 Glycerine 10690 
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The measurement of viscosity has become indispensable in the study of biology 
and physiology, and also in dealing with various problems of technology, specially 
in paint, petroleum, ink, colloids, rubber, textiles, etc. 

Problem : Heptane (density 0.7) flows through a viscometer i 
volume of water requires 108 seconds at 2 
that of water is 0.01005 poise. 


n 63 seconds while same 
0°C. Calculate the absolute viscosity of heptane if 


a | d0 07x63 
DRE 23:02 99152108 
= 27X63 5<0.01005 = 0.00503 poise 


Problem : A steel ball of density 7.9 and di 

of | metre though an oil of density 1.1. Calculate 
Using equation IL24, we have, 

EA 2 r(d—dig _ 2 (0.2)(7.9—1.1) x981 

Ja pjes 100 


ameter 4 mm took 50 seconds to fall a distance 
the viscosity of the oil. 


= 29.65 poise 


Viscosities of liquids decrease with rise in 
below. Different empirical relations between 
en suggested. The relation which has been 


derable number of liquids is expressed in the 
form, 
log n = 7. +8 ... (IL27) 
where a 


A 
log = y +log B = TB 


which is the same as the experimentally observed empirical relation gi 
equation (1.27). There are several other theories Proposed to explain the vi 
sity in liquids, the discussion of which is beyond the Scope of the text, SUPERI 


VISCOSITY OF LIQUIDS AT DIFFERENT TEMPERATURES IN POISES 
0° 


Water 
Ethyl alcohol 
Benzene 


The reciprocal of viscosity is called fluidity, 6 = 1[m. Fluidity ; 
measure of the tendency of flow of a liquid, w. I viscosity is Qefined as the 


Y is a measure of 
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the resistance offered to its flow. When two non-associated non-polar liquids are 
mixed, the fluidity becomes additive. Thus $4 = a,4,+a0¢0 <.. (11228) 
where a,, a, are the mole-fractions of the two liquids. Kendall has suggested 
instead the relation 


log $ =a, log ¢,+a2 log $a .. . (11.29) 


These relations, however, fail in the case of liquids which are associated or which 
interact. 


31.15. Molecular Weight from Viscosity. The viscosity measurements have been 
utilised recently in the determination of molecular weight of polymers. The 
addition of polymer molecules to a solvent increases the viscosity. If) and 7 denote 
the measured viscosity coefficients of the pure solvent and the solution respectively, 
then 7/7, is called the relative viscosity. Several other functions, correlating the 
increased viscosity to the properties of the solute, are also derived. 


Specific viscosity sp = M 
0 


Reduced specific viscosity — Ale? where C = (conc.) 
0 


SA ons l[— 
Intrinsic viscosity, [7] = Lte+o c 1-1 | 
The intrinsic viscosity represents the fractional change in the viscosity of a 
solution per unit concentration of polymer at infinite dilution. Me ie: 
It has been possible to obtain an empirical relation between the intrinsic 
viscosity of the solution and different molecular-weight fractions of the polymer 
In the form in] = KM“ ; 


or log [7] = a log M+log K .. . (11.30) 


where K and a are constants depending on the solvent and the polymer, and also 


on the temperature. i infinite diluti 
he intrinsic viscosity is obtained by extrapolation to infinite dilution of the 


measured ific viscosities. Calibration measurements of viscosities of 
Solutions Dae. fractions of known molecular weights allow K and a 
to be evaluated. The value of a which is often 0.6 to 0.7, may increase to 1 to 2, 

pending upon the shape of the polymer molecule. With the knowledge of the 
values of the empirical constants, the measurement of viscosity easily yields "n 
molecular weight of any batch of polymer using eqn. (11.30). See also Sec, XVI.11. 


REFERENCES FOR FURTHER READING 


1. A treatise on physical chemistry, Vol TI—Glasstone & Taylor 
2. Fluidity and plasticity—Bingham. 

3. Kinetic theory of liquids—Frenkel. 

4. Viscosity of liquids—Hatschek. 


Problems 


1. Deduce an expression for the lowering of mercury surface when a glass tube of internal 


radius ris inserted, What will be the depression if r = ; pe 
Given y(Hg) = 520 dynes/cm, density = 13.6 gm/c.c. a i 
. Benzene. at 20°C a i cms in a capillary tube of radius 0.0165 cm. Calculate the 
Surface tension of benzene if its density bc 0.88. à 
3. How high will water rise in a capillary tube of diameter 
72.75. dynes[cm. 


1 107? cms if the surface tension 
J [Ans : 29.7 cms] 
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4. For CCI,, the densities and surface tensions are 


temp density surface tension 
80°C 1.477 18.70 
150°C 1.322 11.20 


Calculate the value of k in Ramsay-Sheilds equation and thence the critical temperature 
of CCI,. 


5. A mist particle has a mass 10-12 
times that of water. 


6. The heat of vaporisation of ether (b. pt. 35*C) is 88.4 cals/gm. What is the boiling point 
at 750 mm? What is the vapour pressure at 36 mm? 

7. The thermal pressure coefficient for CCI, is 11.7 atm/degree 
Calculate the internal pressure. (Use eqn. II.6). 


8. The viscosity of C,H,CI (b. pt. 132°C) is 0.799 centipoise at 20°C. Estimate its viscosity 
at 100°C. 


9. A droplet of water (radius 107? cm) is falling in air at 20°C (viscosity, 1.808 x 1075), What 
will be the velocity of its fall? ‘ 

10. The densities of water and acetone at 20°C are 0.9982 and 0.792 gms/c.c. respectively, 
The viscosity of water at 20°C is 1.005 x 10-? poise, If water requires 120.5 sec to run down a 
viscometer tube and acetone requires 49.5 sec, calculate viscosity of acetone. 

11. At 20°C, the time of flow in a visco 


gms. Show that its vapour pressure at 20°C is 1.002 


at 20°C and 1 atmosphere. 


meter (Ostwald) and the densities of benzene and 
alcohol are 
density (gm/c.c.) Time of flow (sec) 
benzene 0.8794 183 
alcohol 0.7893 378 
fi 


nd out the Viscosity of alcohol if that of benzene be 6.47 millipoise. 
12. A steel ball of density 8.0 
Sec. in a liquid of density 1.8 g 


[Ans : 1.2x 107? poise] 


with a velocity of 1.0 cm/ 
p [Ans : 54.0 poise] 


gm/c.c. and radius 2 mm is found to fall 
m/c.c. What is the viscosity of the liquid 


CHAPTER III 


THE SOLID STATE 


Solids are characterised by their definite shape and also their considerable mecha- 
nical strength and rigidity. The rigidity is due to the absence of the translatory 
motion of the structural units (atoms, ions etc.) of the solid. These units remain 
fixed to a mean position about which they may vibrate. The forces of attrac- 
tion between these units are quite large. 

Solids are generally classified as crystalline or amorphous. In a crystalline 
solid, the atoms are arranged in a definite pattern constantly repeated. In conse- 
quence the crystalline solid hasa definite geometrical configuration, characteristic 
of the nature of the substance. The crystals often have a plane fracture and they 
also have sharp melting points. The amorphous solids have no definite geometrical 
form and are regarded as supercooled liquids with high viscosity. The amorphous 
solids have conchoidal fracture and they melt slowly over a range of temperature. 
We shall deal in this chapter with the phenomena associated with the crystalline 


solids. 


IIL1. Crystals. Crystals are bounded by surfaces which are usually planar and 
arranged on a definite plan which is an expression of the internal arrangement 
of the units. The surfaces referred to are called faces and where two faces intersect 
an edge is formed. The angle between the normals to the two intersecting faces 
is the interfacial angle. A crystal grows from melt or a solution or from gaseous 
state by the deposition, on to its faces, of atoms or ions. If these units are deposited 
preferentially on a certain face, this face will not extend rapidly in area compared 
to other faces. The faces with larger areas have a slower rate of deposit of atoms 
or ions. The study of the definite geometrical forms and properties of the crystal- 
line solids is termed crystallography. It is however necessary to be first acquainted 
with three basic laws regarding the forms of the crystals, all derived from their 
external nature. These laws are : 
C) ` Steno's Law of the constancy of interfacial angles. 
(i) Haiy's Law of rational intercepts. 
(iii) Law of constancy of symmetry. 


. Steno's Law : It states that the angles between the corresponding faces on 
various crystals of the same substance are constant, |t is often seen that the crystal 
faces are unequally developed, leading to various 
Shapes of the crystals. But the angle of intersec- d 
tion of two corresponding faces will always be d 
the same for any crystal of the same substance. 

In Fig. I11.1, two crystals are represented in two 
dimensions. The shapes are different but the 
angles remain the same. The external form 
or habit depends upon the rate of deposition 
of atoms or ions on the different faces. Thus, 
Sodium chloride crystallises as cubes from 
aqueous solution and as octahedra from urea 
solution. Fig. IIL1 


i Tuy Law: In 1784, Haüy proposed that the regular external form of 
crystals was a reflection of the inper regular order of the arrangement of the build- 
ing units. This indeed is the foundation of crystallography and the basis of crystal 
systems. The idea of Haüy was confirmed more than a century later when the 
internal arrangement of atoms became known from X-ray diffraction studies. 

. A crystal is therefore made up of innumerable smaller crystals. If a crystal 
is suitably and continuously divided, we shall obtain smaller and smaller crystals, 
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then 


But the ratios of the units (a : b : 
crystals of the same Substance, 
Suppose a face makes intercepts X', y' and z' On the three axes where the 
; b and c, such that x’: y’. z’ 


hii > the pla 
i the plane will Cut the z-axis at i gra porate] 
intercepts would then be x’: y’ SZ Lb 


- Thus, Miller 
+b : 2c), will be 3 Legler: 


This plane or face is simply indicated as (121). 
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Similarly a plane perpendicular to one axis and parallel to the other two, 
having intercepts a : œ b : cc c will have indices, as 


1: : c (Weiss) 
and 1:0 :0 (Miller) i.e., 100-plane. 


00! Plane 010 Plane 


ZA er 


Jj 


| 


011 Plane 111 Plane 


Fig. 111.3 


If the plane makes an intercept on the negative side, say, a: =) Dec the Miller 
indices for the plane would be 110, the bar above would indicate intersection of 
the plane on the negative side of the axis. The symbol 1 means minus unity. m 
The law of rational intercepts may then be stated as “For any crystalline 
Species, there is a set of axes in terms of which all naturally occurring faces have 
Teciprocal intercepts proportional to small integers (hkl). The Miller zo 
of some of the faces in a cubic crystal and in an octahedron are given in Fig. II.3. 
The eight faces of the octahedron will zi 
have Miller indices 111, 111, 111, 111, i xU 
111, 111, 111, 111, the axes taken 
mutually at rt. angles with origin at 
the centre of the crystal. 


The law of symmetry : Most of 
the crystals present some symmetrical 
features before our eyes. Symmetry in 
crystals may be with respect to a 
plane, a line or a point. A crystal is 
said to have a plane of symmetry when 
it is divided by an imaginary plane z 
into two halves such that one is the 7 i 
mirror image of the other (Fig. III.4a). i 
A crystal possesses a line of symmetry 
when it is possible to draw an imagi- Fig. III.3a. Four faces in view of an octahedron 


Four faces in view 
of a octa hedron 
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times during one:complete revolution of 360°. The line is called the axis of sym- 
metry. Depending on the number of times the crystal appears unchanged on 
revolution, the crystal is said to Possess two, three, four and six-fold axes of sym- 
metry (Fig. II.4b). A crystal is said to have a centre of symmetry, if every face 
has another identical face at an equal distance from the centre (Fig. IILác). A 


i.e., 23 elements of symmetry altogether. All the elements of symmetry are 


discernible only in a perfectly developed crystal. In most cases however some 
faces are more developed than the other. 


(c) 


Fig. If1.4. Some elements of Symmetry in crystals 


IIT.2. Crystal Systems. Whenever we observe a crystal, we fi 
of a number of its faces which brings to our mind immediately t} 


e.g., the eight faces of the octahedron or the six faces of a cube, Tt has 


» pl 
of symmetry. In fact there are only 32 theoretically possible contin ae 
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. On the other hand, based on the axes of reference to represent their faces, 
the 32 classes can be conveniently grouped into seven systems. The crystals belong- 
ing to any one system may differ in shape or form, size, elements of symmetry 
etc., but their axial ratios as also the axial angles will always be the same ; for 
example, an octahedral is a cube with exclusive growth of 111 plane. The charac- 
teristics of the seven systems are given in the table 
below. The intercepts on the three axes are denoted 
by a, b and c and the axial angles by a, 8 and y. Of 
the seven systems, the cubic system with rt-angled 
axes and equal axial intercepts is the most highly 
symmetrical. 

The external shape or habit of a crystal is often 
derived from a modification of the original primitive 
form. This occurs by truncation when an edge be- 
tween two similar faces is replaced by a plane equally 
inclined to them or a corner is replaced by a plane. 
An illustration of the formation of an octahedron is (b) The octahedron 
indicated in the diagram. 


Fig. IIL5. Octahedron 
THE SEVEN CRYSTAL SYSTEMS 


System Axial angles Axial ratios Minimum Example 
symmetry 


2 three-fold axes NaCl, Ag, diamond 
1 four-fold axis Sn, SnO; 
2 two-fold axes — BaSO,, KNO, 
1 two-fold axis Gypsum 
1 three-fold axis NaNO;, ice, Sb 
> 1 six-fold axis Graphite, Quartz, Zn 
none K,Cr;O;, Blue vitriol 


Cubic 
Tetragonal 
Orthorhombic 
Monoclinic 
Rhombohedral ; 
Hexagonal 
Triclinic 


DUD? DDD 
LEN d 
Yo dw don 
ene HR e I 


o Wow ww 


IIL3. Crystal Lattices. The idea of lattice developed from the internal regularity 
suggested from the external appearance of the crystal. A lattice is an infinite set 
of points repeated regularly through space. A set of points that are repeated at 
a distance ‘a’ along a line is an one-dimensional lattice. The identical equally 
spaced light posts along a street will be an example. The characteristic of this 
lattice is that every point (of light-post) is identical with any other such point and 
that the distance between any two points of posts would be an integral multiple 
of ‘a’ (Fig. ILI.6a). 


z 


E 


(c) 


Fig. Ill.6a. One dimensional lattice Fig. IIL.6b and 6c. Two dimensional lattice 
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When a set of points occurs regularly in a plane 
dimensional lattice. In a tea-plantation or in a print 
we shall see such two-dimensional lattices. In a tea- d 
plants are chosen in any row and parallel lines are drawn through them in two 
directions arbitrarily, the whole garden will be divi 


» 'à' and ‘P’ are called 
y to understand that any displacement from one 
point to another similar point can be expressed in terms of ‘a’ and ‘b and the angle 

The method followed in two dimensions ma 
When the points are regularly repeated in 
lattice or space-lattice is obtained. If similar points be connected by sets of parallel 
lines in three non-coplanar directions as in Fig. III. 6d, the Space lattice will be 
divided into a large number of rhombs or unit cells, all identical. Every similar 


point in the s - The pattern 
oi th / nd upon the way we connect the points. 
1f the points in space lattic i i i 


(d) 


————— eee ee 


IIL.4 ] THE SOLID STATE 113 


describe the unit cell. The vectors a, b, c are the primitive translations in terms 
of which the position of any other point or sets of points can be described. 

A. glance at Fig.5d will reveal that quite a number of lattice-points occur 
in one or another plane. In fact, the lattice-points may be arranged in many ways 
in a series of equidistant parallel planes. These are lattice planes. The crystal 
faces really correspond to lattice-planes. The more common faces of the crystal 
are those lattice planes where the density of lattice-points are relatively very high. 
Thus, in Fig. IIL5e, we have a section of a space lattice in two dimensions (X Y- 
plane), having axes OX and OY, and the primitive translations are ‘a’ and ‘b’. 
Suppose the third axis OZ is at right angles to this plane i.e., perpendicular to the 
plane of the paper. A cursory glance shows that the lattice planes. which will 
have the largest number of lattice points will be parallel to axes OX and OY 
i.e., planes like 4A or BB, so these are the likely faces of the crystal. 

Now, the planes parallel to 4A cut the X-axis at certain integral values of ‘a’ 
and will meet the other two axes at infinity. Theratioofinterceptsthenisa : o»: oo 
ie., these are, according to Miller indices, (100) planes. The planes parallel to BB 
cut the Y-axis at integral distances of ‘b’ and will meet other axes at infinity. The 
Miller indices of such planes would be (010). 

The plane PQ and its parallels will make intercepts equal to ‘a’ and ‘b’ on the 
two axes and will be parallel to the Z-axis. The Miller indices of such planes are 
(110). Likewise, the planes RS and VW will be (320) and (410) planes. These last 
mentioned planes contain a fewer number of lattice-points and are not likely to 
appear as crystal faces normally. In any case, the lattice-concept leads to the expres- 
sion of faces in terms of rational intercepts. The law of Haüy is thus established. 


o (ei 
Fig. III.5e Lattice planes 


II.4. Crystals and X-rays. In the first decade of this century it was realised that 
X-rays are really light waves of very short wave-lengths probably of the order of 
10-3—10-? cms. This however could not be established by diffraction experi- 
ments as it was not possible to prepare a grating with about 10? lines per centimetre. 
During those days, the crystals were also believed to be constituted by orderly 
arrangement of atoms or ions in space lattices. Some rough estimates had set 
the distances between atoms in crystals at about 10-8 cms. One such approximate 
calculation may be shown here. Take a gm-mole of a substance having mol. wt. M 
and density d and suppose it is present in the form of a cube. The side (x) of the 
cube containing 1 gm-mole would be, x = (M/d)8. À r 
Assuming that the atoms of the substance are present in simple cubic lattice, 
the number of atoms occurring along any edge of the crystal would be VNo where 
N, is Avogadro’s number. Then the spacing ‘a’ between the atoms in the crystal 
is given by, DA xs 
a= fM MM 
P No Nod 
If the substance is diamond, (M.— 12, d = 3.4), the value of ‘a’ = 1.8 x 10-® cms. 
In 1912, von Laue made the brilliant suggestion that if X-rays are actually 
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[ 11.4 


i i de of the orderly 
i s of very small wave-lengths and if crystals are ma f 
Hoe usted of Som the crystals must act as three-dimensional natural gratings 


Fig. III.6 Theoretical diffraction pattern 


for X-rays. Att 


empts therefore should be made to study the diffraction effects 
produced when X-rays are allowed to fall on a crystal. This would enable one to 


determine the wave-length of the X-rays. 


Fig. 111.7 Laue diagram 


Laue also showed theo- 
retically that a beam of 
X-rays thrown upon a crystal 
would be partially converted 
upon transmission into a 
number of diffracted beams 
arranged symmetrically aro- 
und the primary beam. If a 
photographic plate be placed 
directly behind the crystal, 
these beams would produce 
symmetrically arranged spots 
round the central image. Ex- 
periments were immediately 
performed by Friedrich and 
Knipping and the predic- 
tions of Laue were complete- 
ly confirmed. Such photogra- 
phs of diffracted beams are 
called ‘Laue photographs.’ In 
Fig. IIL6&IIIL7 are given the 
theoretical X-ray diffraction 
pattern and the Laue-photo- 
graph experimentally obtain- 
ed for magnesium oxide. 


2 
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This clearly demonstrated that X-rays are really waves of very short wave- 
length and also that there must be an ordered arrangement of atoms in the crystal. 
The full quantitative interpretation of the Laue diagrams proved very difficult 
at the time, particularly because of the use of white X-rays having continuous 
range of wave-lengths and the lack of knowledge of the exact arrangement of 
the atoms in the crystals. Soon however, W. H. and W. L. Bragg, father and 
son, developed a much simpler method which solved the problem. The original 
aim of the experiments was to use the crystals for studying X-rays. Butit was soon 
the other way around, X-rays were employed to study the crystal structures. 


IIL5. The Bragg Method of Crystal Analysis. The space-lattice arrangement 
of atoms (or ions) in a crystal implies the existence of innumerable parallel planes 
containing the lattice-points or atoms. Each face of the crystal must have such 
lattice-planes parallel to itself. The Braggs showed that the scattering of X-rays 
by a crystal could be easily represented as ‘reflections’ from the planes of atoms 
parallel to a given face on which the X-rays are incident. They developed a very 
simple but useful relation between the wavelength of the X-rays and the spacing 
between the lattice-planes. The Braggs also found that the characteristic X-ray 
line spectrum could be isolated and the monochromatic beam of X-rays was used 
for crystallographic work. : 


+ 
a cy a! 
uN 
b xe b 


Q 


Fig. III.8 Reflection of X-rays from lattice-planes. (Bragg’s law) 


„Consider a beam of monochromatic X-rays incident on a set of parallel and 
equidistant planes, called Bragg’s planes, in the crystal structure. Let d cms bethe 
distance between successive planes and let 0 be the glancing angle, i.e., the angle 
between the direction of the incident beam and the planes. In Fig. II.8, the 
parallel lines (aa^, bb’, cc',...) represent the successive planes. Now consider an 
incident ray, say APQ, which meets two planes at P and Q. A portion of the ray 
AP will be reflected from P along PB, such that the angle BPa’ will also be 0. Part 
of this ray will penetrate and will be reflected from inner planes bb’, cc’, ..-- The 
reflection of this ray from the second plane bb’ occurs at Q in the direction QC, 
PB and QC being parallel. Draw the line QO perpendicular to the planes at Q 
meeting the first plane aa’ at O. And also draw XO Y perpendicular to PB and QC 
meeting them at X and Y ; XOY represents the wave front of the reflected beam. 

The beams reflected from the parallel planes will generally combine in different 
phases and will destroy each other. Only under certain conditions of wavelength 
and angle of incidence, the reflected waves from different planes will combine in 
the same phase and reinforce each other. In this case it is evident that constructive 
interference will occur if the path PQ Y exceeds the path PX for waves scattered 
at P by an integral multiple of wavelength (A). Draw OZ perpendicular to PQ and 
meeting the latter at Z. It is easy to see, 


PX = PZ, and ZQOZ = ZQOY = ð. 
Hence the excess path, (PO Y —PX) is equal to 
ZQY = 2QY = 2d Sinð. 
This, for constructive interference, must equal A, i.e., 
nA = 2d Sine oe (ED) 
where n is an integer 1, 2, 3, ...... etc. known as the order of reflection. 
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This is the famous Bragg equation, correlating the wavelength of the radiation with 
the spacing of the lattice-planes. 

Now there will be innumerable planes even in a small thickness of the crystal 
(say more than a million planes per mm thickness). Practically complete inter- 
ference occurs unless this condition with monochromatic radiation (eqn. II.1) 
is satisfied. As ‘0’ is changed, strong reflections flash out each time the equation 
holds with successive values of n = D2 rir At other intermediate values of 0, 
the intensity becomes negligible. 

Two other points arise regarding this equation. 

(a) Since the maximum limit of Sin @ is 1, it is evident that there is a lower 
limit to the spacing of the lattice planes to produce diffraction spectra for a given 
radiation. Say, for 1st order reflection (i.e., n — 1), we have 


wa na SA 
me OtSin gat c. 27 


(6) For the different reflections from the same face of a crystal with a given 
monochromatic radiation (i.e., d and À constant), we have 


3 nA 
Sinü = 2d = " X constant. 


b That is, the sines of the angles of reflection of maximum intensities will bear 
a simple ratio. Thus, the angles of reflection (max) for the cube face of a NaCl- 
crystal are found to be 5.95, 11.85? and 18.15" respectively for the successive orders. 


nı: ħain, = Sin 5.9? : Sin 11.85? : Sin 18.15? 
— 0.103 : 0.205 : 0.312 
142) :'3: 
we find, that for 1st order maximum reflection 
shes A 
= 28in ~ 2x003 = 495^ 


Incidentally, 


wledge of density and Avogadro number, we can cal 

: OF c culate 
tion is definitely knows. ir aination of A. And once the wavelength of the radja- 
atomic planes in other DUE be employed to find out the Spacings of the 


X-Ray 


Screen 
l 


—i—, 


Fig. III.9 The Bragg-spectrometer 


The apparatus used for the investigation of crystals is the Bra 
- 7 S et 
as Shown in Fig. IIL9. X-rays are generated by bombardment or E 


IIT.6 ] THE SOLID STATE 117 


target and then suitably screened to obtain practically monochromatic radiations. 
Passing through s,s, a sharp beam strikes the centre of a given face of a crystal. 
The crystal itself is placed just at the centre of a turn-table. Co-axially with the 
table and the crystal is a rotating arm carrying an ionisation chamber. Both 
the turn-table and the arm are provided with circular scales so that the angles 
through which they are turned can be directly obtained. The ionisation chamber 
is placed in such a way that the reflected rays from the face of the crystal directly 
pass into the chamber. The crystal table and the chamber are so adjusted that 
when the crystal rotates through any angle, the chamber will move through 
twice that angle. The ionisation chamber is filled with SO,-gas or methyl bromide 
vapour and the extent of ionisation is measured with the help of an electrometer 
connected with it. As the glancing angle (0) is changed by turning the crystal face 
slowly, the strength of ionisation is recorded from the electrometer. These are 
plotted (0 vs I) and the maxima are obtained from the graph. The method was 
first successfully employed by the Braggs in the study of sodium and potassium 
chloride crystals. 


IIL6. The Crystal Structure of Sodium Chloride. In order to determine the 
crystal structure, we are really required to know the pattern of the regularly repeat- 
ing spatial distribution of the constituents 
(atoms, ions, etc.). This is possible from 
the determination of spacings of some 
suitably chosen lattice planes of the 
crystals. For every crystal system, there 
are some three or four lattice-planes, 
whose spacings would reveal to us the 
Position of the constituents. Sodium 
chloride is a cubic crystal, and for such 
crystals, it has been seen that the study 
of the spacings of (100), (110) and (111) 
planes would give us the required 
information. The relative positions of 
these planes in a cube can be seen from 
Fig. 111.10, in which ADEF is a 100- 
plane, ADGC is a 101-plane and ABC is 
a 111-plane. 

The space-lattice of cubic crystals 
may be of three types, simple cubic, body- x 
centred cubic and face-centred cubic. In Fig. III.10 Lattice-planes of a cube 
simple cubic lattice there is one structural ` 
constituent at each corner of the cubic cell. In the body-centred lattice there is 
one structural unit at each corner and also one unit at the centre of the cube. In 
the face-centred cubic lattice in addition to the structural unit at each corner, 
there is one unit at the middle of each of the six faces of the cube cell 
(Fig. 11.11). 


simple cubic body centered cubic face centered cubic 


Fig. III.11 The types of cubic lattice 
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i i i and 111-planes 
It is easy geometrically to calculate the spacings of the 100,110 an 
for all the hes types of cubic lattices. The geometrical positions of the planes and 
the distances between them for all the three types are shown in Fig. IIL.12. 
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Fig. 117.12 Spacings in cubic lattice : Simple, 


body-centred and face 


-centred cubic 


The calculated results from these fi 


| [ gures are shown in the Table below in terms of 
the ratio of the Spacings (d) of the t 


hree types of lattice-planes, 100, 110 and 111. 


TABLE : THE SPACINGS OF DIFFERENT LATTICE-PLANES 
(a = side of the cube) 


Lattice dio: dus idin 


Simple cubic ay) eee nes 1 0.7 
p! VE rcs = E0107) $210;577; 


a ay5 a 
Body-centred cubic £ . Sly e cH deus 
2 = 23 0.577 


Face-centred cubic 2 £ d 1 : 0.707 
ace-cen FRI. eS: — = : ^ 1 
2 2/3 TA 1.154 


ee 
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diagonals. The intensities of reflections were plotted against the glancing angles 
of the beams as shown in Fig. I1L.13. 


IF T———À 


Planes 


5 10* 15° 20 25° 30° 35°40" 
Fig. IIT.13 Intensity vs 20, (0 = glancing angle) 


The angles at which maximum intensities of reflection for different orders 
were found for different lattice-planes are tabulated below. 


TABLE : ANGLES FOR MAXIMUM INTENSITIES OF REFLECTION 


First order Second order Third order 


If we now consider only the Ist order reflections according to the Bragg- 
equation we have 


Aes b NT 
duo © dus : din Sin 5.9? ' Sin 8.4° ` Sin 5.2 
s n nom HIM] 
T O NG 3301091 
= 1 : 0.705 : 1.14. 


The same ratio is also obtained if the second order reflections are used. This 
ratio is the same as that theoretically predicted for face-centred cubic lattice. 
Sodium chloride crystal has therefore a face-centred cubic lattice. ; 

Although the nature of the lattice in sodium chloride is established, the pro- 
blem is not yet solved completely. We are also to ascertain the nature of the struc- 
tural units. If the unit be the molecule, i.e., Na-Cl ion-pair, there must be some 
distance between these two ions and the lattice-points should be the centre of gravity 
of the ion-pairs. This means that sodium and chloride ions will actually exist in 
two face-centred cubic lattices separated by some definite distance and obviously 
interpenetrating. On the other hand, if we place the chloride ions at the lattice- 
points, the neighbouring sodium ions must form another interpenetrating lattice. 
We have, therefore, to adjust two interpenetrating face-centred lattices. Exhaustive 
studies with such interpenetrating lattices have ultimately led to a structure as given 
in Fig. III.14. 
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This is really a face-centred cubic lattice of chloride ionsinto which a face-cen- 
tred cubic lattice of sodium ions has interpenetrated. We are considering ions as 
structural units instead of atoms as there are now definite evidence of their exis- 
tence in the solid state. The chlorine space-lattice is displaced from the sodium 
space lattice half the length of the edge of 
the cube. We find the sodium and chloride 
ions alternate and the whole cube is now 
made up of eight smaller simple cubic lattices. 
This structure is substantiated from the study 
of the intensities of the reflection maxima of 
different orders for the planes (100, 110 and 
111). It is a well known fact that the intensi- 
ties of the maximum reflections from any 
plane will depend upon (a) the number of 
electrons in the ions (or atoms) which scatter 
the radiation, the higher the number greater 
the intensity and on (b) the order of the 
reflection (n), the higher the order lesser the 
intensity. 

In the structure given above, in 100 and 
Fig. 1.14 F. s 3 110 planes both chlorine and sodium ions 

18: 11.14 Face-centred cubic-lattice occur, and hence the intensity will depend 

of NaCl upon the order only. Itis seen really that with 
: increase in order the intensity of reflection 
maxima shows the usual decline for both these planes. (see table below). But in 


the case of lll-planes, there will be either chloride or sodium ions entirely. 


5 Sodi are interposed halfway between planes con- 
taining only chloride ions. The effect of this interposition may be understood in 


An 


Now after reflection ABQ will be in phase with POR, if 3 nA is an integer, 


ze x nar 
But we know x = > hence T nÀ = 3 So when n = 1, 3, 5, etc. (odd number), 


the reflected beams will be in opposition. That is, for 1st order, 3rd order reflec- 


Fig. III.15 


tions intensity will be less. It i i i 
EA y would indeed be zero if Scattering powers of Na* 


d Cl- were the same. But chloride ions being more powerful in diffracting rays 
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some weak intensities will be available. But when n = 2, 4, etc., (2 is integral ) ; 
the rays will be enforced after reflection and hence 2nd order, 4th order reflections 


will be quite strong. Exactly this is found experimentally and thus the proposed 
interpenetrating lattices in crystal structure are fully corroborated. 


TABLE : RELATIVE INTENSITIES OF REFLECTION MAXIMA OF NaCl 


Intensities for 


Planes Ist order 2nd order 3rd order 4th order 


100 100.0 19.9 4.87 0.79 
110 50.4 6.10 0.71 — 
111 9.0 331 0.58 2.82 


We may proceed further and find out the exact distance between the ions. 
The cube in Fig. IIL14 is the unit crystal which repeats itself in every direction. 
The edge of this cube is the distance between two chloride ions or two sodium ions. 
Half of the edge will be the distance between a sodium ion and its neighbouring 
chloride ion. It is clear that every ion (say chloride) at the corner of the unit cube 
is shared equally by eight adjacent unit cubes. To each cube, we may allot 1/8 
of each of 8 corner chloride ions, i.e., 1/8x 8 or 1 chloride ion. Besides, there are 
six chloride ions at face-centres, each of which is shared between two adjacent 
unit cubes or cells. Therefore, each unit cube has 3x6 i.e., 3 more chloride ions. 
Total number of chloride ions per unit cell — 4. In this unit cell, there is one central 
sodium ion, and 12 others at the centres of edges, each of which is shared by four 
adjacent unit cubes. So, there are 1 + (12 x 3) = 4 sodium ions possessed by 
each unit cell. Hence, every unit cell contains 4 sodium and 4 chloride ions, i.e., 
4 sodium chloride molecules. 

Now the molar volume of sodium chloride is M/d, where d is the density 
and M the mol. wt. Hence the volume of 4 molecules of NaCl is 


DE MOE [No = Avogadro number] 
0 
BY d ce MA [x is the edge of the unit cell, which 
Mn VN is a cube.] 
M4] 58.45 4 by 
9i x [ d x] [35 X &02x " | 
= 5.63 x 10-? cms. 


The interionic distance, To = 1(5.63) 4 —2.8154 


With the knowledge of the interplanar distance of lattice-planes for sodium 
chloride, we can determine the wave-length of the X-rays directed against it. In 
Bragg's experiment we have seen, for first order reflection (n — 1), the glancing 
angle @ is 5.9? (100-plane). Hence, 


as 2d Sind _ 2x2.815x0.103 _ 0.58 A 


À n 1 


Now-a-days, beams of monochromatic. radiation of known wave-lengths are 
obtained from definite anticathodes. These can be directly employed for analysis 
of unknown crystals. vd 3 s 

Crystal structure of Potassium Chloride. Similar but interesting results are 
afforded from the study of potassium chloride. This is isomorphous with sodium 
chloride. Restricting to 1st order reflection from 100-planes with the same radia- 
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tions, the glancing angles for sodium an 
and Ow,c; = 5.9°. Then the ratio of the 
centred cubic lattice for both, would be 


d potasium chlorides are Ükci = 5.3° 
edges of the cube, assuming same face- 


tee, WA nh Sin$9 _ 1113 
dNaci Sin6kci Sin @xaci ~ Sin S37 an 


The molar volumes Vc; and Vwaci of the crystal 
tively as determined from their densities. Hence 


s are 37.46 and 27.94 c.c, respec- 


» the ratio of the unit cube-edges 
of the two crystals, would be 
dga _ [Vra j BES Ing 
dxaci Vraci 27.94 q 


The identity justifies the assumption that potassium chloride crystal has the 
face-centred cubic structure. 


But the first order spectrum from 100, 110 and 111 


i -planes of potassium 
chloride shows that the spacings of these planes are in the ra 


tio, 
ada dia = 12 2 1 OO O 
100 : “110 + 4411 "VI Vz . U. . U. 


We have seen that such a ratio of spacings indicates the existence of a simple cubic 
lattice and not face-centred cubic lattice. A careful scruti i in thi 


ently anomalous result obtained 


110-plane spacings are quite the same as expected. But 111-planes, which are 
composed of either all potassium ions or all 


is why spacing 
1 I of a simple cube, 
Excepting the halides of caesium, all the other alkali halides have interpene- 


tructures. Some metals like, Ag, Au, Cu ete., also have 


Face-centred cubic 


en | : lorides have f.c. inte 
lattices. Similar arrangement is also observed in th 


of Mg, Ba, Sr, Ca etc. Quite a number of e 


Lattice. We have 


not arise. As before, from X-ray analysis the ed. 
be easily determined. Each atom in such a cu 


The distance between any two nearest atoms would be a/V/2 
radius as half the interatomic distance (i.e., assuming two a 


practically in contact in the Structure) the radius of an atom 


= Below is 
appended a table showing the radii (r) of some atoms calculated by this method. 


Element ‘a’ (A) ‘r (A) Element Ra) (A) ip (A) 
Ne 4.52 1.60 Cu 3.62 i 
A 5.43 1,92 
Kr > 5.59 1.97 


3.83 1.30 
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On an average, each unit cube contains 4 atoms, (1/8 of each of 8 corner atoms, 
and 4 of each of six face-centred atoms). The volume of 4 atoms, considered spheri- 


cal, would be 


4 16 a 
4x-a sa ( 


occupied by the molecules is V2 (=0.74). That is, 74% of the space of the crystal 


6 


is actually occupied by the molecules. This indeed is the closest packing possible 


in a cubic system. 


II.8. Body-Centred Cubic Lattice. The alkali metals are examples of body-centred 
cubic lattice type, in which there are eight atoms at the corners of the cube and one 
at the centre (Fig. III.16). The closest distance between the atoms would be half 
the cube-diagonal, i.e., V 3a/2, where ‘a’ is the length of the edge of the cube. As 
in the previous section, the atomic radii may be taken as /3a/4. From measure- 


ments of angles at reflection maxima with 
X-rays, the values of ‘a’ were determined. 
These are noted in the Table below. 

In the case of crystals of elements 
all the atoms are the same. But there are 
compounds with body-centred lattices, in 
which the atom at the centre is different 
from that at the corner. Caesium chloride 
is such an illustration. In its unit cube, 
all the atoms at the corner are those of 
chlorine with an atom of caesium at the 
centre or vice versa. In fact it may be 
regarded as a case of two simple cube 
lattices (one of chlorine and one of 
caesium) interpenetrating. 

In each unit of such body-centred 


lattice, there are two atoms present on an average (3x 8---1). The space occupied 


by the two atoms is 


24/2 


The volume of the unit cube is aè. Hence the extent of the space of the unit cube 


) = Vaa — 0.1408 
6 


Fic. III.16 Body centred cubic lattice 


Ta \ 3 
2x gard = 2x e (1E) 


Since the unit cube has a volume a?, the fraction of space actually occupied 


by the molecules is TV3 . 0.68 or 68 °%/ Evidently, the body-centred lattice is 


8 


less economically packed compared to the face-centred lattice. 


TABLE 


Element 
Li 
Na 


K 
Rb 
Cs 


Problem 1 : Calculate the density and atomic radius of elemental silver which crystallises 


F o 
ina face-centred cubic lattice with unit cell length of 4.086 A. 


123 
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(a) Simple face-centred cubic lattice contains four atoms. Hence density 


4M _ 4107.88 _ 4x 107.88 
Ts ae 6.02 x 10? x (4.086 x 10-8) 
— 10.5 gms/c.c. 


— om. 
(b) The length of face diagonal = V2à? = Y 25 (4,086 A): 


= 5784 
Hence interatomic distance = 4(5.78) A = 2.89 4 
* radius = 1.45 4 
Problem 2 : Aluminium (density 2.69) crystallises with a f.c. cubic lattice. What isthe distance 
of closest approach of Aluminium atoms in the crystal? 
Since the crystal is a face-centred one, there are 4 atoms present per unit cell, 
Now, the volume occupied by 4 atoms is 


UM D 26.98 
M UNT 6.02 x 1033 x 2,69 


The unit cubic cell will then have the edge, /, given by 


l= @ = 4x10 = 44 
Half of the edge = 2 4° 


= 64x10-* c.c, 


~ The distance between two closest atoms, 


d= VEFE = V3 = 283 4 


III.9. Face-centred Cubic Lattice : 
f.c. cubic lattices, which are som. 


definite Positions inside the unit 
diamond. 


Diamond-structure Type. There are some other 
€ what complicated by the presence of atoms at 
cube. The most important example is that of 


From density measurements, the molar volume of diamond was found to be 


3.42 c.c. The average atomic volume is then =? = 3.42/6.02 x 1023 


0 
= 5.674 x 10-4 c.c, 


, then the volume of the unit cube d b 
the length of the Cube-edge. juae 


If the unit cube contains x atoms 
*X 5.674 10-24 = d3, where d is 


Fig. 11.17 Unit cell of diamond crystal 


Fig. HL18 The tetrahedron Structure of diamond 
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In a simple cube, x = 1 ; ina body-centred cube, x = 2, in a f.c. cube, x = 4 
and so on. Putting different values of x, we have, 


when x = 1, d = 1.784 À 
x =2, d = 2248 4 
x = 4, d = 2.831 A 
x =8 d = 3.568 A and so on. 


Experimental observation of reflection from 100-planes showed that spacing of 


the lattice is 0.885 A. This means that simple cubic lattice (x = 1) is not 
present. The reflections from 111-plane on the other hand indicated their spac- 
ings as 2.05 A, so that length of the edge of the cube would be 2.05 x 4/3 = 3.55 
A, This corresponds to the value x = 8. It may then be concluded there are 
eight atoms in the unit cube of diamond. 

In a simple f.c. cubic lattice there are 4 atoms present. Four more additional 
atoms must then be accommodated in four new lattice points in the cubic lattice 
in such a symmetrical fashion that each has the same neighbourhood-relation. 
The only configuration satisfying this is to place one atom at the centres of each 
of the alternate small cubes as in Fig. L1I.17. We have thus eight atoms allotted to 
a unit cube on an average, retaining the symmetry. 

Consider any one small cube containing an atom at the centre. The alternative 
corners are occupied by atoms. The central atom is equidistant from the corner. 
The distance is 4/3d/4. If all the neighbouring atoms are joined by such lines, the 
structure of diamond will be represented as in Fig. 1IL.18. We have thus the pic- 
ture of a regular-tetrahedron Since d is 3.55 A, the carbon-carbon distance in 


diamond is J/3d/4 = 1.54 A. Though graphite has a different structure, several 
other elements of Group IV, such as Silicon, Germanium and grey Tin have the 
same crystalline configuration as that of diamond. 

All the lattice sites of diamond crystal are filled up by carbon atoms. But 
in quite a number of binary compounds (e.g., ZnS) the central lattice-points of 
the alternate small cubes are occupied by different atoms. In zinc sulphide, if 
all the corner points and face-centres are occupied by zinc atoms, the centres of 
the four alternate cubes will be filled up by sulphur atoms. Each atom of one 
kind is symmetrically surrounded by four atoms of the other kind. The structure 
is like that of diamond (Fig. IlL18). Cuprous halides, mercury sulphide, 
etc., have the same lattice structures. The cell-lengths of such structures are 


given in the Table below. 


TABLE 


Element Cell-length A | Compound Cell-length A 


Diamond 3.56 5.43 
Silicon 5.42 5.84 
Germanium 5.62 5.41 
Grey tin 6.46 5.68 


A large number of ternary compounds of AB,-type have face-centred cubic 
lattice structures, with centres of all the eight smaller cubes occupied by a different 
kind of atoms. In CaF, there are eight flouride ions at the centre of small cubes, 
while the corner and face-centre lattice-sites are occupied by calcium ions. Each 
unit cell contains four calcium ions and eight flouride ions, i.e., 4 molecules of 


calcium flouride. 

111.10. Hexagonal Close-packing Lattice. Assuming the atoms as spherical units, 
their most efficient packing is possible either in face-centred cubic or in hexagonal 
lattices. We have already seen what space the structural units occupy in a f.c. 
Cubic lattice. Now we shall consider the hexagonal arrangement. 


EES t V UIT WA ER Te I Se AE RCM T S Pd See a IUIS ERES CENE 
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If identical round spheres or coins are arranged as closely as possible around 
each other in a plane, each unit in the arrangement will include six nearest neigh- 


Fic. IIL.19 


bours (Fig. III.19). This arrangement of close packed spheres 
in a plane may be converted into a three dimensional one by 
adding layers above and below. Suppose a number of 
spheres are laid close together shown by hollow circles O (Fig. 
III.20). These spheres are really in contact though shown here 
as separate for clear understanding. A second layer of spheres, 
each marked by a © is now put over the first. These spheres 
of the second layer will nestle into the partial hollows created 
at the junctions of some of the triplets below. The @ and the 
hollow circles O are not in the same plane. 


[9] O o O O [9] O [9) 


e e e ® ® ® e e 
[9] [9] [9] Oo o [9] o [9] 
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Fig. IIL20(a) : ‘ʻO’ represent atoms in Ist, 3rd, Sth layers while ‘@’ represent atoms in 2nd, 
4th, 6th layers in a close packing hexagonal structure, where two hexagonal 
Structures are interpenetrating 
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Fig. III.20(b) : 
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'O' represent atoms in Ist, 3rd, 5th layers while *G)' represent ihe/alomsWin 
the 2nd, 4th, 6th layers in a face-centred cubic structure of an element. In a 
binary compound AB, in one layer 4 atoms occupy Positions *O' and B atoms 
occupy Q) positions. In the next layer, they interchange their positions. Thus 
two face-centred cubic structures become interpenetrating 

The closed figure drawn by lines represent unit cells in the x-y planes in 
the respective cases. 
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A third layer can now be added over the second. Now a two-fold choice exists 
for arranging the third layer spheres. (i) The initial first layer may be repeated 
as in Fig. 111.20(a) by placing every third layer sphere exactly overhead the corres- 
ponding first layer sphere. This gives rise to hexagonal packing, the layer being 
repeated as ABABA...(Fig. 111.21). (ii) Alternatively, the third layer spheres may 
occupy positions over the hollows of the first layer, which were not covered during 
formation of second layer. This gives rise to face-centred cubic close-packing, the 
layer being arranged as ABCABCA ... (Fig. 111.21). 


Fic. 1II.21 Close-packing 


Most of the metals crystallise in f.c. cubic or in hexagonal lattice indicating that 
the metal atoms are spherical and close-packed. The hexagonal type is found in 
Be, Mg, Zn, Cd, Ti, Os, etc. The space occupied by the structural units in hexa- 
gonal cell close-packing can be geometrically evaluated and this is found to be 
about 74% of the total volume of the unit lattice. 


Fic. I1I.22 The hexagonal cell 


111.11. Layer Lattices. There are a number of solids which consist of flat sheets 
of well-knit atoms. These sheets of atoms extend throughout the crystal in parallel 
layers. Though the forces between the neighbouring atoms in a layer are quite 
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, but the forces between two layers are weak. Graphite (Fig. 111.23) is the most 
eo ding example of such layer lattice crystals. Graphite belongs to hexagonal 
system and is really constituted of sheets of carbon atoms, the distance between 


parallel layers is about 3.41 À which is relatively quite large compared to the car- 
bon-carbon distance in each layer (which is 1.42 A). The parallel sheets are obvi- 


Fic. IIL23 Graphite crystal lattice 


ously held by weak forces. This explains the slippery and flaky nature of graphite. 
One layer can easily slide over the next giving rise to its lubricating properties. 
With each layer every carbon atom is linked to three other co-planar atoms sym- 
metrically producing the benzene like ring-structures. Mica, black phosphorus, 
arsenic, antimony etc., also form layer lattice structures. Many of the silicate 
minerals exhibit similar structures. 


III.12. Other Methods of Crystal Analysis. In the previous sections the outlines of 
the Laue photographic and the Bragg's spectrometric methods ofstudying crystal- 
line structures have been given. We shall briefly.mention here two other methods 
widely employed now for crystal analysis. 

(i) The Powder Method. This method was developed by Debye and Scherrer 
(1916) and by Hull (1917) independently. The sample of crystals in the form of a 
powder is taken in a thin-walled glass capillary tube. The experimental arrange- 
ment is shown in Fig. III.24. A beam of homogeneous X-rays fall on the powder, 


Fic. 111.24 Powder-method Fic, 111.25 Powder-diffraction pattern 


in which are present minute crystals oriented in all possible directions. Obviously 
there would always be a large number of crystals suitably oriented to produce 
maximum reflections say, from 100-planes. Since there would also exist different 
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orientations, for such crystals, parallel to a common axis, the diffracted beam will 
take the shape of a cone as shown in the figure. Similar such concentric cones 
will also be formed for other lattice-planes, say 110, 111, 220, etc. The diffraction- 
beam cones are allowed to impinge a circularly placed photographic film-strip. 
Each cone makes the image of two-arcs (or lines) at the positions where the cone 
cuts the film. The distance of the sample from the film (i.e., XY, the radius) is 
known. Every symmetrical pair of lines in the film around the bright position 
at the centre of the incident undiffracted beam (Fig. 1II.25) corresponds to a parti- 
cular lattice-plane of the crystal. The distances of these arcs from the incident 
beam-point X, is measured, and with the knowledge of the radius XY, the angle 
*Q' of maximum reflection is known. The calculation of spacings of the lattice 
planes thus becomes possible. 
The powder diffraction patterns ob- 


tained from various solid substances are z ; "UD 
characteristic of the substances. For this s "n $ 
reason, this powder X-ray diffraction is 

so often employed for qualitative and xU - ee 
quantitative chemical analysis and to "» .& 9 97 


detect the presence of impurities. For "n 
quantitative estimation, the relative in- © ^; = W . ® 9*5. 
tensities of the lines with a standard ' d 
diffraction film have to be measured. i . 
This diffraction photographic method |, ; 4 : 
Sometimes enables us also to ascertain j tw SUN 
the composition of a mixture. Thus, in | * s @ NE a, I 
a mixture of potassium chloride and — | i 
sodium bromide, the chemical analysis | § » = s e 
gives us the radicals only, but the diffrac- | = . se 
tion photograph will confirm the compo- 
sitions as well. - i 
(ii) Rotating crystal method. Schie- — * dees N 
bold (1919) is responsible for developing ek, 3 
this method. A minute well-formed crys- Fic. III.26 Rotation diffraction photograph 
tal is placed in the path of a homogene- 
ous X-ray beam with a suitable axis perpendicular to the beam. The photograph 
of the diffracted beam is taken on a film cylindrically placed around the crystal. 
The crystal is slowly rotated around the axis so that successive planes Eur. up the 
orientation required for maximum reflection. Each such reflection pro ae a 
dark spot on the film. Different spots will correspond to different order of reflec- 
tions. Photographs are repeated with the crystal rotating about all the d e 
The lattice-spacings and the size of the unit cell can be determined from the POT 
of the spots in the film, though interpretation is not always very easy (Fig. II. o 
The method has been subsequently improved by oscillating the crystal only throug 
a small angle (about 20°). A camera that moves the film back and forth along with 
the rotation of the crystal is employed. This makes it easier to identify the orienta- 


tion of the crystal from the position of the spot. 


* 
s 


d tron Diffraction. De Broglie's prediction (1924) that wave properties 
SI Uaec e associated with moving electrons was experimentally confirmed 
by Davisson and Germer in 1925 from their famous diffraction studies of electrons 
on a Nickel surface. An electron moving with a velocity v must also possess a wave 


property having a Wave length A, such that 
" sires (a) 


mv — oy 
where m = mass of the electron = 9.1 X 10-28 gm. 
and h = Planck's constant = 6.62 x 10-27 erg-sec. 
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ial di V, it acquires a kinetic 
If the electron passes across a potential difference of V, 1 
energy (àmv?) as a Peu of the acceleration acquired in the electric field. Hence 


im? = Ve (e = electronic charge, 4.8 x 10-1 esu) 
or v = AJ 2Ve ehe 


eel eter ath 
Hence; = ms ~ WmeV 
Expressing V in volts, instead of e.s. units 
8953002 122 X10 S 


V2meV VV TERO) 
In equation (c), putting, 
V = 10 volts, à = 38 A, 
but when V = 40000 volts, à = 0.06 4 


Hence, applying such a range of potential the electrons may be made to behave 
like X-ray waves. When an electron beam so accelerated is allowed to fall on a 


are less penetrating than X-rays, electron beams are diffracted mostly from surface 


layers, which is an additional advantage. In fact, it is employed more for study of 
surfaces and surface films. 


111.14. Crystal Forces. The forces operating in crystals to hold the particles together 
are classified as ionic bonding, covalent bonding, hydrogen bonding, metallic 
bonding and van der Waals’ forces. It is true that in many cases two or three of 
these forces simultaneously operate though one of those would predominate. 

(a) Ionic Bonding. Yn many crystals, like those of sodium chloride the Struc- 
tural units are ions and electrostatic forces predominantly operate between the 
ions. The forces really consist of the electrostatic attraction between ions of unlike 
charges and the repulsion-effect between the nuclei or inner shell of electrons of 
the two ions. The attractive and repulsive forces balance and give rise to a stable 
position with a minimum potential energy, when the interionic distance may be 


equal to the minimum potential energy. An approximate evaluation of the lattice 
energy is possible in the following way, say for sodium chloride crystal. In this 
calculation, the effect of van der Waals' and other forces, which is really small is 
neglected. 

The charges carried by sodium and chloride ions are e, and e_ and let the 
distance between them be denoted by r. Then the coulombic energy of attraction 


— e?nA 


per unit cell — and the repulsive energy — be-ar 


when A, d and b are constants, and n is the number of molecules of sodium chloride 
per unit cell. ‘A’, called Madelung constant, depends on the lattice arrangement of 
ions and has been given definite values for each kind of lattice. The other constant 
a’ is usually taken as 3.3 x 108 cm~ for all ionic molecules. 


—nAe* 
Hence potential energy, U = = F bezar oo eL) 
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At equilibrium distance, ro, 


2 
aU, = 0, hence nds = abe, 
dr 
or pas nA e? 
Areo 


= 2 2,—ar 2 2 
Hence U nde , nA £ e z nÁe nA G 
r ar,2e-4%o r aro 


Lattice energy per unit cell, changing the sign 


NU. muc TA = e - a] 
r aro? To ary 
Lattice energy per gm-mole ($m) is 
: S No, ANE 1 
Pi ee Ree ae) eC 


-where Ny is Avogadro number. 

From a knowledge of the lattice type (i.e., f.c. cubic in the case of NaCl), ro 
can be obtained from the density of the crystal or from X-ray measurements. The 
lattice energy value is thus obtained. Indirect experimental support of the lattice- 
energy calculation is available from what is commonly known as Born-Haber 
cycle. k 

Problem : Calculate the lattice energy of NaCl (s). The Madelung constant is 1.748. The 


interionic distance from X-ray diffraction of the crystal is 2.82 7r 


AN, e* 1 
The lattice energy Ove ED [ AR, 
To ary 
— 1748 x6 x 10%? x (4.8 x 10-19): A 
Pipini [ 33x10 x2.82 x 105 ] 


£u 7.6 x10? ergs/mole = 181 Kcals/mole. 


" Born-Haber Cycle. For NaCl the cyclic process may be represented by the 
Scheme, 


m 
NaCl (s)———— — — ——— —-—Na*(g) + Cl'(g) 
-Q 27 
; ji AS a Ue +4 
iCch(g) + a(s) Na(g) 
x 1 (g) 
where ġm = lattice energy 
Q = heat of formation of NaCl 
H, = heat of sublimation of Na 
D = heat of dissociation of Cl, 
I = ionisation potential of Na 
A = electron affinity of chlorine. 


The ionisation potential, J, is the energy absorbed in removing an electron from 


the atom, i.e., Na — Nat + € Y ; s 
The electron affinity ‘4’ is the heat given out in the absorption of an electron 


in a process, i.e., Cl+e = Cl- 
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Starting with a gm-mole of NaCl crystal, the process consists of converting 
it into gaseous Nat and Cl- ions and subsequently reuniting the ions to produce 
back the solid NaCl. The steps in the complete cycle are as follows : 


Energy change 
Stages (heat absorbed is positive, 
heat given out negative) 
(a) One gm-mole NaCl is converted into Na*(g) 
and Cl-(g) ions 


NaC\(s) > Na*(g) + Cl-(g) 


$M 

(b) An electron is taken out from Cl- ion and the 

same is accepted by Na* ion 

Nat+e > Na zT 

Ci-—e> Cl A 
(c) Chlorine atoms are converted into chlorine 

molecules, giving out heat of dissociation (D) 

Cl — 3Cl, —4D 
(d) Sodium atoms are condensed to the solid 

state 

Na(g) > Na(s) —Hs 
(e) Chlorine is allowed to react with solid sodium 

atom producing the original substance 

Na(s) + 3Cl; + NaCl =o 


The cycle is completed and the net energy-change must be nil. Therefore, 
m — I+A—4D—H,—O = 0 

or ém = Q+H.+3D+I—A ze ure dp) 

The quantities Q, Hs, D and I are directly experimentally measurable, but 
few independent electron affinity (4) values are known. That is why direct lattice 
energy values are not available from relation (II). On the other hand, the validity 
of this relation has-been tested in an indirect way, by accepting the calculated 
ad of lattice-energy ($m) from equation (Z) and evaluating the electron affinity 
of chlorine. 


From the data for sodium chloride, the electron affinity of chlorine is 
A Q +H: - 3D 1 — dy 
98 + 26 + 3(58) + 118 — 184 = 87 (Kcals) 


That such evaluation is dependable is corroborated from the fact that when the 
electron affinity of chlorine is calculated in the same way from other alkali-chlorides 
the values are found to be the same, as shown in the table below. l 


Il 


TABLE : BORN-HABER DATA 


A (Kcals) 


The direct determination of electron affinit 
experiments also gave the value as 86 Kcals. 
The electron affinities of other halogens Br, I and F have 
with the help of equation (III). 
Moreover, the lattice-energy of other halides, like calcium fluoride, was 
calculated from Born-Haber cycle, using electron affinities of halogens derived 


y of chlorine from electron emission 


also been determined 
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from alkali chlorides (just shown). These values corroborated with the lattice- 
energy calculated from ionic forces of crystals as-in equation (IT). 


Crystals Born-Haber Calculated 
(electrostatic) 

CaF, 689 697 

MgF, 617 618 


These evidences indicate that the procedure is sound. The forces in these crystals 
may therefore be adequately regarded as ionic forces. : 

One of the several interesting applications of Born-Haber cycle is the deter- 
mination of the proton-affinities of water and of ammonia. The lattice-energy ($) 
of ammonia has been determined carefully by Born-Haber cycle first. Subse- 
quently, the following cyclic process is considered. 


NH,Cl (s) ———* —___.NH,+@ 4- Ce) 
Q —Pyuy 
NH,(g) + HCI (g) NH,(g) + H*(g) + Cl-(g) 
NUES phan A 
NH; (e) + H (g) + Cl o 
where Pwgg = proton-affinity of ammonia 
Q — heat of reaction 


Duci = heat of formation of hydrogen chloride 
Other symbols have the same significance as before. 

Hence $ = Pruna + 1— 4 Dga— Q 
Since all the quantities except Pug; is known, it can be easily evaluated. 

Now, NH,CIO, and H,OCIO, have been found to be isomorphous and have 
nearly identical X-ray maximum-intensity reflections, i.e., nearly identical lattice 
constants. It was assumed that their lattice energies are also the same, i.e., 
énuyciog = $usocio,. Imagine now two cyclic processes separately performed 
with these two crystals as was done with NH,Cl. Then, 


$wHí.cioo4. = Pung + I — A+ Duco, — Onngcio4 

$nsocio, = Pago +I — A + Ducios — Onsocios 
Equating, , Paso = Pyus + Ougocio. — ÜNnacios 
The value of P0, i e., proton-affinity of water, was found to be 182 calories/mole 
(Sherman, 1932). 


(b) Covalent bonding. In many crystals, the atoms are the structural units 
and these are held together by covalent forces by pairing of electrons just as we 
find in carbon-carbon linkages of organic molecules. Diamond, Silicon, Germa- 
nium, Zinc Sulphide, Silver Iodie, Silicon Carbide are well known examples. 

In diamond, there is a tetrahedral arrangement (Sec. III.9) and every carbon 
atom is covalently linked with four other equidistant atoms. There are really 
2N, carbon-carbon bonds in a gm-mole of diamond crystal. The heat of sublima- 
tion of diamond has been calculated from experimental results and found to be 
170 Kcals/mole, i.e., bond-energy in diamond is 85 Kcals. The covalent C-C bond 
energy in hydrocarbons has also been found to be 80 Kcals showing a close resem- 
blance in bonding in the two cases. 
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Similar three-dimensional covalent bonding in space lattice is also found in 
silicon carbide or silver iodide, or say, grey tin. All of them produce regular tetra- 
hedrons. It is also not necessary that each atom should make contributions of 
same number of valence electrons. r : : 

Graphite represents an excellent example of two-dimensional display of 
covalent bonds. All the carbon atoms in any one plane are strongly covalently 
linked and behave like the C-atoms in anthracene, with the same interatomic 


distance of 1.34 4. The forces between the layers are however very weak and are 
of van der Waals’ type. 
In the case of selenium and tellurium, their valence shells are 
completed by sharing only two electrons of two adjacent atoms. 
In consequence, there are formed chains of atoms extending 
through the crystals. That is a case of one-dimensional covalent 
bonding (Fig. III.27). The individual chains are held together by 
much weaker forces. Similar cases we find in BeCl, or SiS}. 
(c) Hydrogen bonding. Hydrogen atoms occurring in certain 


groups, such as —O—H carry some positive charge and are thus ee 
attracted to electronegative atoms like oxygen and nitrogen thereby 
making a link, called hydrogen bond, between two oxygen or nitro- Fic. III.27 
gen atoms. A common example is seen in the dimer of formic or Lattice of 
acetic acid. A Selenium 
O—H...O. 
AA \ 
—C C—R 
No... H_0% 


This hydrogen bond is electrostatic in nature and is not very strong. The hydro- 
gen bond energy is about 5 or 6 kcals. 

The existence of such hydrogen-bonding in the crystal lattice is beyond dispute. 
The most discussed example is that of ice. In ice crystals we have a tetrahedral 
structure, each oxygen atom is surrounded by four hydrogen atoms at the corner 
of the tetrahedron. Two of these hydrogen atoms are covalently bound to the 
oxygen and other two form hydrogen-bonds. These latter two hydrogen atoms 
are covalently linked to a next oxygen atom. The distance between.two oxygen 


atoms has been found to be 2.76 A, whereas the -O—H bond-length is 1.00 A. 
That is, the hydrogen atoms in the crystal lattice are probably closer to one oxygen 
than the other. 

Organic compounds such as phenols, carboxylic acids, etc., crystallise in a 
form supported by hydrogen-bonds. The specially situated UNS atoms link 
its own molecule to the oxygen or nitrogen of the next molecule. (See Chap. VI). 
The structure of protein crystal seems to be the result of hydrogen bonding : 

. (d) Van der Waals’ forces. These forces are the same which we observed 
existing between molecules in a real gas leading to its non-ideality. The forces 
are really interatomic or intermolecular in the crystal lattice originating from 
dipole-dipole character and London dispersion forces. The forces are essentially 
weak and that is why organic crystals which are often held together, by such 
forces, are soft and low melting. We have already mentioned the existence of van 
der Waals’ forces existing between lattice layers of graphite or mica, as also between 
the chains of selenium and tellurium. In the rhombohedral I,-crystal lattice, at 
each lattice point, a molecule of I, is held. It is thus a molecular crystal. Other 
molecular crystals are found in carbon dioxide, nitrogen, etc. Here also we find 
the units are primarily bonded through van der Waals’ forces. 

(e) Metallic bonding. The forces operating in the metal crystals are to a large 
extent different from those previously mentioned. The metals usually crystallise 
as body-centred cubic, face-centred cubic or close-packed hexagonal crystals ; 
the latter two are most common. In both face-centred cubic and in close-packed 
hexagonal crystals, every atom has 12 surrounding neighbours, ie., co-ordination 
number is twelve. In non-metallic elements, the atoms have never more than four 
immediate neighbours. In non-metals, therefore, the covalent bonding takes 
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place sharing four pairs of electrons at the most. In a metal, such pairing of elec- 
trons to form covalent bonds would need a very large number of electrons which 
are not available. In metals, the atoms are therefore linked by a special type of 
bond called “metallic bond.” Yt is suggested that the atoms in a metal free some 
of their electrons and become positive ions. The matrix of positive ions remains 
embedded in a sea of mobile electrons. The free electrons really cement the posi- 
tive metal ions. The conductance of the metals is due to the mobile electrons. 
The explanation of the position may be understood from what is now called the 
Band theory. 

The electrons in an atom occupy some definite and sharp energy levels. The 
energy values of different levels are the same for all individual atoms. When 
the atoms take up definite positions in a crystal lattice, the electrons are subjected 
to a non-uniform electric field. In consequence, the energy levels are no longer 
sharp and are rendered into very closely spaced bands or groups of levels (Fig. 
111.28). The electrons may now occupy any position in the band. The bands are 
usually however separated by forbidden zones. 


3s 


3s — 


2P 2P 


Atom Crystal 


Fia. III.28 Energy levels in atoms and in crystals 


The number of electrons available in the valence shells is not sufficient for 
ounding atoms to form covalent bonding. This means that, 
bands are fully occupied but upper bands farthest from the 
led due to paucity of electrons. On the application of 
d electrons will not move as all the levels in this band 
f additional electrons. But 


same band (Fig. III.29). There would then be a possibility of transfer of electrons 
from one atom to another, i.e., electrical conductance would occur. The valence 


electrons are delocalised and exchange freely between atoms. The atoms effectively 


become positive charges and the mobile electrons bind th 
centres are held in positions oriented with respect to each other by exchange energy 


of electrons and this is responsible for cohesive forces in metals. 


ILE SaaS 


Metals; Non Metals 


Fig. III.29 Energy levels in crystal bands 


- sition is different. Every atom being co-valently linked 
bmc ence RA E atoms, the valence shell (octet) is saturated All ue 
bands of the crystal are completely filled. There is no unoccupied eee e 
uppermost band and the electron is unable to transfer itself even onthe app Ee ion 
of electrical potential. This explains the behaviour of non-metals as insulators. 
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The band theory has also been used to explain why some non-conductors under 
certain circumstances act as *semiconductors. : 

The cohesive fórces and melting and boiling points. Due to the cohesive 
forces, an orientation or symmetry exists in the crystal and thereby the energy 
of the system is lowered. This gives a greater stability. Now, the greater the stability 
of the system, the greater is the amount of heat energy required to produce suffi- 
ciently powerful thermal agitations to break up the order and overcome the cohe- 
sive forces. Hence, the larger the cohesive forces between the atoms (molecules 
or ion) in a substance, the higher will be its melting point, and also the boiling 
point. Generally, T 

() When there are interionic or coulombic forces operating between the 

ions in the substance (e.g., NaCl), the melting or boiling points are high. ’ 

(i) In metals, where the forces are again electrostatic in nature, the melting 
and boiling points are usually high. f 

(iii) When the cohesive forces are of the van der W. 
are weak, the melting and boiling points are much lowe 
compounds or metals. Even here, 
in.character, the m. pt. and b. pt. a 
covalent compounds having no perma: 
boiling points are indeed very low. 


Below is appended a list Showing the m.pt. and b.pt. of some compounds and 
metals. The substances are chosen from a definite range of mol.wt., so that the 
London forces operating between the molecules or atom may be comparable. 


aals type the interactions 
r than those of the ionic 
if the van dar Waals forces be dipolar 
re relatively higher. In non-metals and in 
nent dipole (e.g., benzene), the melting and 


TABLE : M. PT. AND B. PT. OF DIFFERENT TYPES OF COMPOUNDS 


Substance (mol. wt.) Dipole moment 


b. pt. (C) 
-r | 
Ionic : 
Potassium chloride (74.5) Very high 1500 (subl.) 
Magnesium chloride (62) BS 2239 
Calcium oxide (56) qi 2850 
Metals : 
Iron (56) metallic bonding 3000 
Nickel (59) » 2730 
Copper (63.5) a 2395 
T S SUM IN LM 
Covalent : \ 
Benzene (78) nil (u = 0) 80.4 
Pentane (72) » 36 
Butane (58) » —0.5 
Ethyl chloride (64.5) Very low 13 
Diethyl ether (74) 23 35 
n-Propyl alcohol (60) moderate 97 
Acetone (58) moderate 56 
Acetic acid (60) very high 118 
Glycol (62) Very high 198 
M DIENEN 
non-metals : 
Argon (40) nil —186 
Krypton (84) » —153 
Chlorine (71) » —35 


1.15. Atomic and Ionic Radii. It is necessar 


: y to record here a few lines about 
the radii of atoms and ions. These can be obtained from a Study of the ceystal 


structures, 


—'O 
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For determination of atomic radii, we start with the crystal lattice of diamond. 
It has a regular tetrahedral covalent structure and it has been shown in Sec. III.9, 
that its interatomic distance is known from the determination of edge-length of the 
unit cell. Assuming that the atoms are spherical and are in contact, the radius 
of a carbon atom is taken as half the interatomic distance. The accepted value of 


the carbon-atom radius is 0.77 A (for single bond covalent type). This is taken 
as the standard. The radius of another atom (X) is obtained by subtracting the 
carbon-radius from the interatomic distance of *C—X' in the compound, say CX,- 
type covalent compound, determined with diffraction studies. In this way, the 
various atomic radii have been evaluated, some of which are given in the Table 
below. The values are true for single-bond covalent linking. 


H 
TABLE : ATOMIC RADII (A) 


radius Atom radius Atom radius 


Atom radius Atom 


0.74 
1.04 


N 0.74 (0) 


0.72 


cl 0.99 Si 1.17 
Br 1.14 Ge 1.22 
I 1.33 Sn 1.40 


There is however some difficulty in determining the ionic radii. The interionic 
distances, obtained from lattice measurements, are taken as the sum of the radii 
of the two ions linked. But it has been found that the radius of an ion varies to 
some extent with the nature of the other ion to which it is bonded. This is evident 


from the following data. 


o 
TABLE : INTERIONIC DISTANCES (A) (F. C. CUBIC TYPE) 


Difference in radii 


Cation of anions 


Chloride 
2.81 


3.14 


Difference in radii 
of cations K* — Na* 0.33 0.30 


Itis therefore necessary that the radius of some definite ion must be givena standard 
value. Wasastjerna, from the results of refractivity values, adopted O^ = 1.32 4 


and F- = 1.33 4 as the standard radii of the two ions. The radii of other ions 
can now be easily determined. For example, the interionic distance Rb — Fin 


rubidium flouride crystal is 2.82 4. Hence the radius of Rbt = 2.82 — 1.33 = 


1.49 4. The value of the radii of some ions are given below. These values have 
been obtained from measurements of f.c. cubic type, i.e., NaCl-type lattice. 


o . n 
TABLE : IONIC RADII (4) (Co-ordination number, 6) 


138 PHYSICAL CHEMISTRY [ILIS 


for anions, the ionic radius is much larger than the at 


Na, 1.574;  Na*,0.984 
Mg,1364; Mg, 0.78Å 


| Cl,0.994; Cl-, 1.814 
O, 0.744; O--, 1.324 


Fic. IIL30(a) Face centred Cubic lattice ; 
6:6 Co-ordination, KCI type 


Fic. 111.30(b) Body centred cubic lattice ; 
8 : 8 Co-ordination, CsCI type 


v32r. (because edge-length is 2r.). The diameter 
V32r.—2r. = (/3—1)2r.. The cation Which will fill this hole Should have a 


2210173500; 


umber cannot be eight and must be 
Co-ordination numbers is obtained 


radius (y3 —1) r... The ratio of the ionic radii r,/r_ = vaN 


this ratio is less than 0.73, the co-ordination n 
less. In this way ionic-radii ratio for different 


geometrically. 
Co-ordination number — 8 6 4 
Ratio r,/r.—- 20.73 0.73-0.41 0.41-0.21 


O 
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The ionic-radii ratio of some AX-type compounds are given below. 


CsCl-structure NaCl-structure 


KCl = 0.72 


[i 

o 
P 
oo 


RbF = 0.92 NaF = 0.70 LiCl = 0.30 
RbCl = 0.82 KBr = 0.68 Lil = 0.28 
RbBr = 0.76 KI = 0.60 
CsF = 0.82 NaCl = 0.53 

NaBr = 0.49 

Nal = 0.44 

LiF = 0.44 


The radius-ratio thus indicates a general idea of the lattice-type of the crystal. 
The lithium halides retain NaCl-type lattice inspite of low radius-ratio-value be- 
cause of the strong repulsion of the anions which are in close proximity. Similarly 
some of the fluorides such as RbF have NaCl-structure in spite of high r*/r- 
-values, due to low polarisability of the anions. 


III.16. Isomorphism. For quite a long time many pairs of compounds of similar 
Composition were known which would also crystallise in the same form and were 
said to be isomorphous. A set of common examples are : 


Cu,S KClO, ZnSO,,7H,O KH;PO,H;O K,SO,,A1,(SO,)3,24H,O 
AgS, KMnO, MgSO,7H,0, KH,AsO,H:0, K4S0,,Cr4(SO,),,24H;O0 


A careful study of such isomorphous compounds led Mitscherlich to formulate the 
law of isomorphism which states, 

“Substances possessing an equal number of atoms united in the same fashion 
exhibit identity of crystalline forms." Yt led to the concept that the crystalline form 
depends upon the number of atoms and the method in which they are united 
and is independent of their chemical nature. In other words, substances having 
similar chemical character and crystalline form should have similar formulae. We 
shall presently see that there are exceptions to this generalisation, but even then 
the principle is valid to a large extent and had been very useful in ascertaining 
Correct atomic weights. 

. Mitscherlich found that the chemically similar potassium sulphate and potas- 
sium selenate are isomorphous. It was therefore assumed that the formula of 
Poen selenate would be K,SeO,. On analysis it was found to contain 35.79 % 

enium. 


He x x 100 e 
"d szana t TES CT O 
Or atomic wt. of selenium x = 79.2 


. Again Zirconium was formerly regarded as trivalent. But Potassium fluo- 
zirconate is found to be isomorphous with K,SiF, and K,SnF,. Hence, the fluo- 
zirconate should be K;ZrF, i.e., zirconium like tin and silicon must be tetravalent. 

It is evident that in isomorphous substances, the atoms substituted must be 
€qual in numbers and should be of the same valence. This is borne out by the 
examples already cited. Instances are now known where isomorphous substances 
Contain unequal number of atoms and also elements of different valence, e.g., 


NaNO, KIO, KClO,  NiSO,.,7H,O K,SO,,Al,(SOq)3,24H,O 
CaCO,  CaWO,  BaSO,  NiPO;E7H,O0  (NH,)sSO,,Al,(SO,)3,24H;O 


In the last pair, the total number of atoms also differ. It has now been realised 
that the condition for isomorphism is the similarity of internal structure of the 
Crystals rather than the similarity in chemical properties ; isomorphous substances 


-Must have geometrically similar units. 
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The identity of crystalline form is not the only criterion for isomorphism. 


It is true that isomorphous crystals have similar unit cells with almost same dimen- 
sions, e.g., 


MgSO,,7H,0 


| FeSO,,7H,O | BaCO, | SrCO, 


Interfacial angle 104°24’ | 104*15* 


uras | o gm. 


0.595 : 1 :0.741 | 0.609 : 1 : 0.724 


Axial ratio a : b :c| 1.22 : 1 : 1.583 1.183 : 1 : 1.583 


The converse is not necessarily true. Crystals with very similar crystalline constants 
have been found not to be isomorphous. 


If a solution containing Copper sulphate and ferrous sul 


ions of the two. The isomorphous pure 
Compounds are FeSO,,5H,O, and CuSO,,5H,O whereas the mixed crystals will 
have the composition (Fez, Cuy) SO,, 5H,0, such that x -+ y = 1. The formation 
of mixed crystals isa satisfactory criteri i i 


In the same way, KMnO, and BaSO, are isomo: hous b i + 
(1.33), Ba++ = (1.35)] are equal in size, the anions Mno eid sO us 
stereochemically tetrahedral and similar ; the axial ratios of the unit cells are 
also very nearly the same. On the other hand KNO, ad KCIo, i 2 
because CIO,- is pyramidal but NO;- is planar. 


IIL17. Heat Capacity of Solids. Another important propert of solids ; ; 
heat-capacity, the study of which gave some interesting reali Solids is their 

1. Dulong and Petit’s Law. In 1819, Dulong 
mental data that “the atomic heat of all solid el 
is approximately equal to 6.4 cals.” Atomic heat is ct of the specific heat 
of the element and its atomic weight. Hence Specific heat x atomic wt, — 64 
(approx.). The law holds for many solid elements as shown 


ee 
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TABLE A (atomic heats) 
Cu = 6.0 Sn = 64 Hg = 6.6 
Ag = 62 Pb = 6.4 Cd = 6.1 
Au = 6.2 Fe = 6.6 Zn = 60 
Al = 5.8 Ni = 64 I = 66 


Nevertheless, as given in Table B, the Dulong & Petit’s Law fails completely in 
Several cases. 


TABLE B : (atomic heats) 


Diamond Graphite Silicon Beryllium Boron 


1.35 1,92 4.6 
3.2 3.4 5.6 


The specific heats of solids are measured at constant pressure. The atomic heats given above 
refer to heat-capacities at constant pressure (Cp). The heat-capacity at constant volume (Cy) 
may be calculated from Cp -values with the help of a thermodynamic formula, 


TVa* 
8 
where a = coefficient of thermal expansion, B = coefficient of compressibility; 


Corrected thus, the Dulong & Petit atomic-heat constant should approach the value 5.9 
cals instead of 6.4 cals. 


Kopp's Law. Neumann, Joule & Woestyn made independent observations 
on the extension of Dulong & Petits Law to compounds of similar chemical 
composition. Kopp (1865) made a systematic study in respect of molecular heats 
(mol. wt. x sp. heat) of compounds and made a generalisation ; “molecular 
heat of solid compounds is the sum of the atomic heat of the constituent atoms." 
This is known as Kopp's Law. Consequently, if there are n atoms present in a 
molecule the molecular heat will be approximately 6n. The validity of this law is 
supported from the following experimental values. 


Cy = Cp — 


TABLE (molecular heats) 


These laws had been quite useful in determining certain atomic weights. For example, Indium 
(eq. wt — 38) was found to have the sp. heat 0.057. Hence its approximate at. wt. — 6.5/0.057 
= 112. The true atomic weight is thus 3 x38 = 114. 

Again mercuric chloride (mol. wt. 271.5) had the sp. heat of 0.069. Then from Kopp's law, 
the molecular heat is 271.5 x 0.069 — 18.7, indicating 3 atoms in the molecule. The formula is 
then HgCl,. The atomic weight of mercury is then 200.6, since the eq. wt. is 100.3. 


A classical derivation of the law of Dulong & Petit had been proposed. In 
the crystal lattice, the atoms have only vibratory motion, the translational and 
rotational motions are absent. The vibration may occur in three directions and each 
mode of vibration has two degrees of freedom (Sec. 1.31) each associated with 
energy, 3kT. In a gm-atom there are No atoms (Avogadro number) present. 
So the total energy of a gm-atom of solid is given by , 

E-—NX3x2x4kT = 3RT. ee (H2) 
The heat-capacity at constant volume is the increase in E per degree rise in tempera- 
ture. Hence, the heat-capacity (Cv) 


BE 
= (94) _ ..-. (ILS 
ere (37 , = 3R = 5.97 cals. (11.3) 


This is practically the value required by the Dulong & Petit Law. The classical 
theory however predicts that the atomic heat-capacity should be independent of 
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temperature. But in fact, there is observed considerable variation of the atomic 
heat with temperature particularly at the lower ranges of temperature. Dulong 
and Petit’s Law fails at low temperature. In Fig. (111.3 1), the atomic heats of several 
solids are plotted against temperature, which clearly indicate the temperature- 
variation of the atomic heat. To explain these experimental findings, Einstein 
(1907) invoked the quantum theory. 


Atomic Heat 


Fic. III.31 atomic heat of solids 


. 2. Einstein's Equation of heat-capacity of solids. Einstein considered a solid 
(like Copper) as an aggregate of atomic oscillators. Each of these oscillators is 
vibrating with a common mean frequency v. In accordance with the quantum 


theory (Sec. V.16), the energy of an oscillator, vibrating with frequency v in one 
direction is given by 


- hy 
e= aT .. . (II.4) 


[h, Planck Constant ; k, Boltzmann Constant] 


Remembering the thre 


€ possible directions of vibration and the total number 
Ny (Avogadro number 


) atoms in a gm-atom, the total energy of a gm-atom of 


Solid is 
hv 
E — 3N. IT] .. + (ILS) 


The heat-capacity is then 


OE hy A? ehvikT 
ons (ar), aor ier ` ("KT py 


hy \? ehikT. 
EE (5 (eher —31ye 
This is Einstein's equation. 


Putting id — 0,, we have, 


eo/T 


DE 
QU OR ( T ) (eT —1y . s. (IL) 


r " 8, : ; 
Le. Cyis a function of T and may be written as Cy = 3Rf(6, IT) where 


6, depends upon v, which is a charactristic of the solid. 

The Einstein equation gives temperature curves ver 
ones. Of course, the value of v is determined from ex 
In fact, when temperature is high, that is, hv[kT is 
This is in agreement with the classical theory and the Dulong and Petit Law. 
Again, as T tends to zero, Cy also tends to Zero, a conclusion in general agreement 
with experimental facts. But in the lower ranges of temperature, the calculated 


y similar to the experimental 
perimental results empirically. 
quite small, we have, Cy — 3R. 


ee 
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values (from Einstein equation) fall more rapidly than do the experimental values. 
This disagreement is due to the neglect of the mutual interatomic forces. It was 
Debye (1912) who developed a modified equation which gave a very satisfactory 
agreement with experiment over the entire temperature range. 


3. Debye's Equation. Debye suggested that (i) a solid is to be assumed as an 
elastic body, and the vibrations of the whole should be considered ; (ii) the 3N,- 
modes of vibration (in a gm-atom) of a monatomic solid are not all identical, as 
assumed by Einstein, but are distributed among a spectrum of frequencies. The 
frequencies range from zero (v = 0) to a maximum frequency Vm, (v = Vm), which 
is a characteristic of the solid. Debye's vm is different from Einstein’s v and it can 
be shown that vg = $». ; 

Now, it is known that if the total number of ways, z, in which an elastic 
medium of volume, V, can vibrate with a frequency, v ; then dz between the 
frequency range v+ dv and v will be given by 

dz = M stay, T s) 


CO 


if we take a gm-atom of the solid elements, containing Nọ atoms, the total number 
of vibrations possible will be 3N,. Remembering the frequency-range v = 0 to 
y = Vm, we have 


"m D 
fas u Í An yidy = te y = 3N. 0... (L9) 
ò 
Eliminating V, we have, dz = A v*dv. .. . (LIO) 
m 
We have seen the energy associated with each linear oscillator, € is given by 
- hv 
€ — SWEET] 


The total energy of a gm-atom of solid will be, on substitution, 


IE UAM vedy 


Il 
le 
= 
a 
al 
BY 
Il 


E CAVIT — ]* Ym? 
ò ò 
or B= Aa dv. 2s ILLI) 
Putting x= a i.e., [vav = (E) wa], 
we have, 
ES a Jr ... (L12) 


We can now consider the heat-capacity separately for high and for low tem- 
peratures. 
(a) When temperature is high, x is small and therefore, 


m™x8dx — " 
e—l b 
i : 
Hence, E = 9N, ED . gx? = 3NokT = 3RT. Ls (HLI3) 


(hvm) © 
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p QE 
The heat-capacity, Cy — ( 3 7) - 3R. 
That is, Debye's equation (III.11) conforms to classical requirement and to 
experimental values at higher temperatures. h 
(b) When the temperatures are low, x is large. The value of the integral 
reduces to 74/15. That is, 


J = x3dx 23 ad- 
J yel Reiss 
L 9NSKT)! nt _ 3Ng(wkT)! 

Hence, E wa? 157 5 gy 

A QE| — 12 kT \8 
Differentiating, Cy l5 S ME Nok li 

12 T 43 TEX 

oi Cy = "2 AR (+) = 464.6 (=) C WE dns 
where LU 9, called the characteristic temperature of the substance. 


For a given substance, at very low temperatures, 


464.6 
Cy = ^ T? = aT’. LU TIETS) 


This is the well-known Debye's T?-Law. From equation (IIL.14), the value of 0 
and therefore, of v; of a substance for low temperatures can be calculated from 
an experimental value of Cy.* But with increase in temperature, 7?-law fails and 
the value of 0 does not remain constant. With proper adjustment Debye's equation 
agrees with experimental results both at low and high temperature ranges. 

The Debye equation predicts that the heat-capacity of a solid is a function of 
temperature and depends upon only the characteristic maximum frequency, vj. 


If the heat-capacities of different solids are plotted against Er (ie, +) they 
m 


Should all fall on the same Curve. Such a plot is shown in Fig. UI.32. fora number 


Cy, CAL/DEG MOLE 


Fic. 111.32 


* Vm can also be evaluated, if elastic constants are known, from 


the equation (TIT.9 » 
where v, = (QNo/4a Ve)? RIA 
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of solids. The experimental results confirm Debye's formula very well. The 
values of the characteristic temperature 0 of a few solids are given below. 


DEBYE'S CHARACTERISTIC TEMPERATURES (0) 


C — 1910 
Be 1000 


Fe 433 
Ni 375 
Al 389 


REFERENCES FOR FURTHER READING : 


(i) Melting point and crystal structure, —Ubbelohde, Qart. Rev. 4, 356, (1950) 
(ii) ‘Crystal chemistry’ — Stilwell 
(iii) ‘Crystal chemistry — Evans 
(iv) Introduction to crystal analysis — W. H. Bragg 
(v) X-rays & crystal sructure — W. H. Bragg & W. L. Bragg 
(vi) The structure of crystals — Wyckoff 
(vii) The nature of the chemical bond — Pauling 
(viii) X-ray crystallography — Buerger 


Problems 


1. Explain Weiss and Miller indices of a plane. 
(a) What will be the Miller indices of a plane which makes intercepts of 3, 2, and 3/2 multi- 


ples of unit-distances on the three axes? 

(b) Ifthe Miller indices of a plane be 120, what are its Weiss indices? 

2. The first order reflection of a beam of X-rays from (100) plane of NaCl occurs at angle of 
6°30’, calculate the wavelength of X-rays. What would be the angle of reflection if X-rays of 
AÀ = 1.54*4 be used? 

3. Sodium crystallises in a body-centred cubic lattice with a unit cube with side-length of 
4.304. How many atoms of sodium are present in a unit lattice? What is the density of the metal ? 

4. Sodium chloride, which has a face-centred cubic lattice, has a density of 2.17. What will 
be the spacing of the (100) planes? What is the edge-length of the unit cube? 

If the first order reflection of Kg-rays from palladium occurs at an angle of 5.9? from these 


planes, evaluate the wavelength of the X-rays used. 
5. Aluminium crystallises in a face-centred cubic lattice and it has a density 2.70 gms/c.c. at 


20°C. Calculate the distance between successive (100) planes. Estimate also Avogadro number. 
o " 
6. Nickel has face-centred cubic structure with ag = 3.524. Calculate the distance apart 


of Ni-atoms lying in 100, 110 and 111 planes. 
7. Calculate the atomic heat of copper at 20°K using Debye's equation (0 — 314). - 
8. If the heat capacity per gm-atom of silver be 0.388 cals/°K at 20°C, what will be its heat- 


Capacity at 1°K? 


10 


CHAPTER IV 


THERMODYNAMICS 


The study of a physical or a chemical process may be approached in two different 
ways. In the first place, the process may be treated in terms of atoms and 
molecules of the system, i.e., on the basis of kinetic theory. On the other hand, 
the process may also be studied from a consideration 
involved. This is the thermodynamic approach. The c i 
speaking, concerns itself with the flow of heat and it deals with relatio; 
heat and work. The science of thermodynamics 


Thermodynamics does not make any hypothesis a 
In contrast to the kinetic-molecular theory, it der 
relations between i 


s to the structure of matter, 
ives, from the basic laws, 
properties experimentally Observed but does not offer 


» according to kinetic theory, a measure of the average kinetic 
energy of the molecules while it is à simple property of state from the view-point 
of thermodynamics, 


Before we begin with the laws of the: 


rmodynamics it is necessary to define 
Some of the terms most commo: 


nly used in thermodynamic discussions, 


placement caused. Thus, work 


Heat generated by the burning of coal ultimately enables the steam- 
to pull the train, i.e., to perform work. Conversely, 


engine 
in rubbing two blocks of ice or in the boring of 


the mechanical work spent 
a cannon generates large 


ts 
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quantities of heat. There is thus an intimate relation between heat and work, 
one can yield the other. We need not at the moment enter into the quantitative 
relation between the two. 


An object A placed at a certain height and tied to a weight over a pulley would 
lift the latter when the object A descends to the surface of the earth. We state that 
the body A at the higher level possesses potential energy at the cost of which the 
work of lifting the weight is being performed (Fig. IV.1). 


Electricity passed through a circuit may be made to produce the rotation of 
the armature of a motor used for lifting a weight or winding a spring. Conversely, 
the work done in turning the blades of a turbine would generate electricity. This is 
an instance of the conversion of electrical energy into work and vice versa. On the 
other hand, electricity led through a resistance would produce heat. 


In a chemical reaction, say between zinc and Copper sulphate, large amounts 
of heat are produced. The same chemical change carried out in a voltaic (Daniell) 
cell would provide electrical energy instead of heat. Here the chemical energy is 
being converted into heat or electrical energy. Numerous such illustrations may be Fic. IV.1 
cited, 


Broadly speaking, two facts emerge out of these. Firstly, the different systems 
possess something (really the energy) which can yield work ; and secondly, all 
these different kinds of energy ,are interconvertible. Energy should therefore be 
defined as a property which can be transformed into or produced from work. 

In the various natural phenomena, energy manifests itself in differnt forms, 
such as, mechanical, internal, chemical, radiant, electromagnetic, surface energy 
etc. From this definition of energy, work itself becomes equivalent to energy 
and is an observable manifestation. In fact, different forms of energy are expressed 
in terms of work. 

Heat, obviously, is another form of energy since it can yield work or can be 
produced from work. But heat is somewhat different from other forms of energy 
such as electrical or chemical. All other forms of energy can be completely trans- 
formed into work, but heat cannot be wholly converted into work. Any attempt 
to convert the whole of a quantity of heat would affect a permanent change in the 
System or the neighbouring systems. There is another aspect of heat which requires 
attention. When two objects with different temperatures come together, one 
with the higher temperature loses heat energy and the other gains it. That is, 
energy in the form of heat flows from a higher to a lower temperature Hence, 
heat is energy in transit. Only during the process of flow we are conscious of this 
form of energy. But when the flow Ceases, we do not speak about the heat present 
in a body. “Heat in a body" is meaningless. What may be present in a body is 
the energy. This energy, by out-flow of heat, would be decreased and would be 
Increased by in-flow of heat. Likewise, it would be incorrect to speak about 
‘work in a system’, The system during a physical or chemical change may yield 
work at the expense of energy. 


IV.2. Thermodynamic Systems. For the purpose of thermodynamic considera- 
tions, a system is defined as any material or quantity of matter, chosen separately 
from the rest of the universe, enclosed by boundary surface. The boundaries of 
the system may be real or imaginary, but the existence of the boundaries is of 
importance in order to visualise the system distinctly from the rest of the universe. 
A quantity of a gas in a closed cylinder has real and defined boundaries, but 
when the same gas flows through a zigzag pipe, its boundaries constantly change 
and have to be followed in imagination as it progresses. Any other material or 
body, near or distant, besides the system chosen, i.e., the rest of the universe is 
Spoken of as the surroundings. 1t is however not necessary that the systems should 
have any definite shape or volume. A thermodynamic system may contain one or 
more kinds of matter and may be homogeneous or heterogeneous in character. 
The boundary walls of a system may be of two types. The walls may allow 
the transmission of heat through them, into or out of the system. Such walls are 
diathermal walls. On the other hand, a system may be enclosed by boundary walls 
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which would not permit any heat to enter into the System or to come out of the 
System. These walls are termed adiabatic walls. A liquid contained in a glass 
beaker may be easily heated by a Bunsen burner, the glass walls behaving as diather- 
mal boundaries. If the liquid is kept in a silver-mirrored double-walled Dewar 
vessel, heat from a burner can little affect the temperature of the liquid within. 
The boundary walls here are adiabatic. A system wholly enclosed by adiabatic 
walls is called an isolated system and is incapable of exchanging energy with its 
surroundings. There is also no possibility of transfer of matter across the bound- 
aries. 

On the other hand, closed systems are those in which energy-exchange with 
the surroundings is possible but transfer of matter across the boundaries is not 
permitted. There may be internal change in composition. 

State of a System. The thermodynamic state of a system can be expressed 
only by describing the characteristics possessed by the system. A system to be in 
a given state must have definite values assigned to its properties. Various proper- 
ties such as composition, volume, pressure, temperature, refractive index, viscosity, 
dielectric constant etc., are associated with a system. Of these, only the first four, 
namely, composition, volume, pressure and temperature are of fundamental 
importance and are called thermodynamic properties or parameters. 

These four variables of the system are generally sufficient to completely 


In the case of ideal gases (PV — 


Bases, more or less accurate relations (say, van der Waals’) are well-known and 
can be experimentally established. In such cases, if any two of these variables be 
Specified, the third is fixed. Thus, if p 
A £ ma r , the volume would 
ave a fixed value. Hence it is said that the thermodynamic state of a simple 
homogeneous system is defined by specifying any two of the three variables. 


IV.3. Equilibrium. We know that the state of a System is determined by the 
variables of the System, like pressure, temperature etc. If the variables are found 
to change in a given system, then the system must also be changing in its state 
Such a system evidently is in an unstable condition. : 

In a system left to itself, the parameters have a tendency to be uniform 
throughout the system. The pressure and temperature thus become uniform at 
all points of the system.* If different parts of the system have different pressures 
or temperatures, the parameters cannot be specified and the thermodynamic state 
of the system cannot be defined. When complete uniformity in the magnitudes 
of the variables is acquired, a steady condition is set and the System is said to have 
attained equilibrium. For attainment of complete equilibrium, there Should be 
mechanical, thermal and chemical stability. 

When there is no unbalanced force existing between different parts of the 
system or between the system and the surroundings, the System is in mechanical 
equilibrium. 

If the temperature at all parts of the system be the same and identical with 
that of the surroundings, the system is in thermal equilibrium. 

When the composition of the system remains fixed and definite, the System 
is said to be in chemical equilibrium. ý 

The mechanical equilibrium therefore refers to uniformity of pressure, the 
thermal equilibrium to uniformity of „temperature and the chemical equilibrium 
to the constancy of chemical composition. Even after attainment of mechanical 
and thermal equilibria, a system may permit chemical changes to continue. At 


*In a heterogeneous system, this would apply to each homogeneous Part of the system, 
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the same temperature and pressure, a mixture of hydrogen and iodine may con- 
tinue to react slowly for days, until chemical equilibrium is reached. Similarly, 
a system may be in chemical and mechanical equilibria, without being in thermal 
equilibrium. 

A system which satisfies all the three equilibria is said to be in thermodynamic 
equilibrium. Yts composition and properties would undergo no observable change. 
When a system is in thermodynamic equilibrium, its properties have definite magni- 
tudes. Whenever the system comes to that particular state of thermodynamic 
equilibrium, its properties will have the same magnitudes, regardless of what might 
have occurred to the system previously. 


IV.4. Internal Energy. Energy may occur in different forms such as mechanical, 
electrical, chemical, internal and others. The nature of the forms like electrical, 
mechanical etc. are more or less easily conceived, but the concept of the "internal 
energy' is not so obvious. A thermodynamic system, containing some quantity of 
matter, in virtue of its very existence, must possess a store of energy. This is sus- 
tained by the common observations in diverse isolated systems ; e.g., (a) a liquid 
freezes into a solid yielding heat energy, (b) zinc & copper sulphate (in Daniell cell) 
react producing electrical energy, (c) steam expands from higher to lower pressure . 
yielding mechanical work, (d) carbon monoxide and oxygen unite producing heat. 
Unless the systems had inherent energy within how could they, isolated from the 
surroundings, yield work or other forms of energy by themselves. We are thus 
led to believe that every system has within itself a definite quantity of energy called 
the internal energy or intrinsic energy. The amount of the internal energy depends 
on the thermodynamic state, i.e., the thermodynamic parameters of the system. 
The internal energy of a system would always be expressed in this book by the 
Symbol, U. In a system of constant composition, the magnitude of U will depend 
upon the thermodynamic variables (P, V, T), any two of which may be regarded 
as independent variables (sec. IV.2). 

Thus, U —f(P, T) ; or U —fY(P, V) ; or U — f(T, V). 

So, the internal energy becomes a property of the system entirely defined by its 
thermodynamic parameters. Whenever the system will be in the same thermody- 
namic state, its internal energy will have the same magnitude. The internal energy 
U is thus a single-valued function of the thermodynamic state of the system. Such 
functions, whose magnitudes are governed only by the state of the system, and 
nothing else, are termed characteristic functions or characteristic properties of 
the system. 

It is true that, in most cases, it would nót be possible to exactly evaluate the 
amount of thé internal energy of the systems studied. That the systems possess 
internal energy is enough and is of vital importance in thermodynamics. Its 
implication would be fully realised from the First Law. 


Internal Energy Change in a Cyclic Process. When a system changes from one 
thermodynamic state A to another thermodynamic state B, its internal energy U 
will also change. Let U4 and Up be the respective internal energies in state 4 and 
State B. U, and Ug will depend on the parameters only of the two different states. 
Then, the change in the internal energy Ug—U4, Iepresented by AU, will be 
governed only by the magnitudes of the variables in the initial state A and the 
final state B. AU will thus be independent of the process, or as very often called 
the path, by which the transformation has been carried out. A particular change 
of a given system may be effected by different processes or paths, but AU would 
be the same. To illustrate, a system of carbon and oxygen may be directly con- 
verted into carbon dioxide or through the intermediate formation of carbon 
monoxide, but AU in both the cases would be the same, provided the pressure, 
temperature, etc. in the initial and final states be the same in both cases. 

(1) C+0, = CO,; (2) C+0=CO; CO +0 = CO.. A 

Now, if a system suffers a series of changes so as to come back to the original 


initial state, the system is said to have completed a cycle. The series of processes, 
as a consequence of which the system reverts to its initial state, is called a cyclic 
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process or a cycle. In such a case, the internal energy of the system assumes its 
original magnitude, irrespective of what might have happened to the system 
meanwhile or previously. The internal energy of the system is independent of its 
previous history but is defined by the variables of the System at the moment. 
On the other hand, if all the internal energy changes (AU) in the different stages 
of the cyclic process be summed up, these would vanish, i.e., EAU = 0, 

Or represented as, $dU = Q. 

[The circle on the integral denotes a complete cyclic process.] 


The changes of a system can be effected in different ways. If a change takes 
place in such a way that the temperature throughout remains unaltered, it is called 
an isothermal process. 

On the other hand, the change of a thermally insulated System, enclosed by 


adiabatic walls through which heat exchange with the surroundings is not permis- 
sible, is called an adiabatic process. 


waniables mad EP quantity / is a function of two independent 
l = fm, n) 
Then, we can write VAN E E (4) Am + (à) An. 
n 


remains constant. 


The subscripts n, m at the right-hand bottom indicate their constancy during 


term (a) Am would obviously represent 
Om) n 


the change in the magnitude of / due to ch: 


the changes of the Test. Hence the 


ange Am in m at constant n. Similarly, 


ol 
the second term (=). An denotes the change in the value of J due to change 


such that 
f(y, z) = 0. 
So, we have x = p(y, z) y = $z, x) 
As before we can write, 
Ax = $5) Ay + (3), 42 se) 
and Ay = (2) A24 (32) ax 2l. (i) 
Substituting (ii) in (i), we have 
^ = (SL CR) nn (2), n] e (85) a 
F ot (52),4*+[ (2) (2) + (5). Jaz 2s (iii) 


Now, equation (iii) is generally true for all values of x, y and z. Let us consider 
x and z as independent variables so that Ax and Az may have any value. 


EEE’) 
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(a) Suppse Az = Oand Ax z 0. 


RENT Ae 

E p J ‘Gace ae 
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R ae gels 
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(b) Suppose Ax — 0, and Az # 0, then from (iii), 
Ox oy Oe = 
(55). (8), (22), ° 
Ox oy ax 0z 
or = CAE EN aS 
al (z), (), I), 
: Ox oy Qz 
e A 
Illustrations : An equation of state can be represented as 
TE CPV TSO 


ie, V = f(P, T) ; P - fV, T) ; T =P, V). 
Hence, we have, 


av av 

av = (ax), AP (ar), ^T 
aP aP 

AP = ar) Av+( 37), ^ 


1 
furth E NCIC, 
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aP 

aT 
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Let us consider 1 gm-mole of an ideal gas, when PV = RT, then, 
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2. (IV.1) 


sro L3) 


. from (IV.2) 


2.2. 0V3) 


o ee) 


aP R. (ar P. /av\ | —RT, 
(5r), = v: (3), ie \\ee) o a 


: P R 1 1 
Now applying (v), (27), ^ v rm [ary 
P), 
i BP \ OLNE QI E REEI ERIE 
re (r), (9r). (se), cvm 


IA F 
ap), R 


From equation (iv), the total differential volume of a gm-mole of an ideal gas is 


av av 
Lar MNN 
av - ($2), 4? + (or), ^ 


—RT R 
= AP + 5 AT 
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The internal energy is a characteristic property and hence, U = f(P, T) 


aU oU : 
toL E= (E), ar (8) o 
Such expressions would very often be used. 7 


To make it clear, let us represent graphically the variables x and y along two 
axes at right angles (Fig. IV.2). At the point P (with 
co-ordinates x, y), the magnitude of z is z,. Again at 
the point Q (co-ordinates x’, y") the magnitude of z is 
Za. Then dz = (z,~z,) will always have the same value 
determined by x, y, x' y' i dzisa perfect differential 
and dz is independent of the path of transformation 
from P to Q. It is also obvious that if a change from 
P to Q is brought about by one path (say I) and the 
Teverse change is effected by another path (say IID), 
x—» the magnitude of z will come back to the same value, 
Big. I5 defined by x, y at P. Hence for a complete cyclic 
G: TV, Process, of transformation Teverting to the original 


ZAz =0 
or fdz =0 
This can be considered from another direction, Let P and Q in [ Fig. IV.3 n 


have co-ordinates (x, y) and (x + AX, y + Ay), respectively, S i- 
x > , H y. Suppose the transi 
tion from P to Q can be effected in two Ways along PRQ or PSQ 


Fic. IV.3 


In the path PRO, we first change the variable x to x 


I I +Ax, y remaining constant 
to reach the point R. Then x being k 


ept constant as x-++ Ax, the variable y is altered 
to y+ Ay, till Q is reached. Then, at R, the value of z would be Ed) Ax. 
x 
y 


So, at Q, E 3 3 
z= Ca 0 LS, 
z+Az =z +32) ox rra (32), | a» 


Similarly, if we follow the path PSQ, the Co-ordinates, at the Point S, would be 


X, y + Ay and the value of z at the point S would Dez (5) Ay. So, when 
ay E 
the point Q is reached, 4 


& 8z 9 az 
z+Az=24 e Ay + JE * ($5), Las 


EE —— 


E 


00 HE 
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af dz is to be a perfect differential, the two expressions must be equal to one another, 
ence d 


or az em Q?z 

: axdy ayax 
That is, if dz is a perfect differential, then uude: Lote 
i axdy  0yOx 


Conversely, we can conclude that dz will be a perfect differential when it is 


found that 
(i) z is a single-valued function depending entirely on the instantaneous 
.. Values of x and y ; or, 
(ii) dz between any two specified points or states is independent of the path 
... Of transition ; or, 
(ii) $ dz for complete cyclic process is equal to zero, or, 
- 9?z Q?z : 
(y Et E i i ot to x 
Ixy əx ie., the second differentials of z with respect to x and y 
carried out in either order become equal to one another. 
: Illustrations : (d) Let us take a system containing a gm-mole of an ideal gas, 
then, T — f(P, V). Hence, by definition dT is a perfect differential. It can be proved 
V = 


as follows : iPia— "RI: 
a OT Ny Bh ate 6777 RR 3 
BE ERU NM aPaVv R 
Agai OTN d e CL We A 
gain, (22), mih L.e., aVaP R 
Therefi poet = Lae 
ae aVeP ^ 8PBV 


Hence, dT is a perfect differential. 
of (b) We know internal energy U of any given system depends only on the state 
( the system and, hence, is dependent on any two of the three common variables, 
Say, P and T). dU is then a perfect differential. We can therefore say that 
aU — OU 
aPar X aTaP 
§dU = 0 (for any cyclic process). 
mic functions such as heat-content, 
mic states and therefore, 


or 


There are various other thermodyna: 
Hey etc., which depend only on the thermodyna: 
‘heir small changes like dH, dS, etc. are prefect differentials. 


THE FIRST LAW 


amics. In the forties of the last century it came 
form of energy and heat and work are 
was probably the first to announce 
lation between the two forms, 
dely arranged experi- 
e value 


IV.6. The First Law of Thermodyn: 
to be generally believed that heat was a £ 
interchangeable. Mayer, a German physician, | 
In an obscure journal that there is a quantitative re 


heat and work, when interchange takes place. From some crud 
Ments in those early days, he could even suggest an astonishingly accurat 


Of the equivalence between the two forms of energy. 1 En 
d out very thorough and elaborate investigations 


Meanwhile Joule had carrie I i 
of this problem and clearly demonstrated from his experiments that thẹ same 
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quantity of heat would always be produced by the performance of a given amount 
of work, irrespective of the nature of process in which the work is performed or 


the substance used in the performance. In other words, there is a strict quantitative 
relation between the work spent and the heat produced. For the production of 
unit quantity of heat 


(measured in calories) we shall have to perform a definite 
amount of work (measured in ergs). Hence, if 


x calories of heat = y ergs of work 
nx calories of heat = ny ergs of work 
There is a constant proportionality between heat and work. So, 


W = JQ 
where J is the constant of proportionality between the work performed W and the 
heat produced Q. J 


j is the amount of work required to produce unit quantity of 
heat and is called the mechanical equivalent of heat. 


. Joule, in his experiments, carried out the 
The work was done 


(b) rubbing iron ri (c) compressing air in narrow tubes, (d) 
passing electricity through a wire of k 


then, 


r and Barnes, Laby and Hercus, are specially 

e of J is 4.1858 x 107 ergs per calorie. 

n heat and work, which is the origin of the first law, 

i If or whenever, heat is obtained from work, the amount of 

heat produced is proportional to the work spent, or conversely, if heat is.transformed 

pe Pale there is a proportionality between the work obtained and the heat dis- 
red, 


_ Not only heat can be conv 


may be enunciated as “ 


x units of energy 4 = y units of energy B 


then, mx units of energy A = my units of energy B 
The proportionality between quantities of two given forms 
constant and the c 


*For details of these experiments, Robert's Heat & Thermodynamics (Blackie & Co.) may be 
consulted. 


**In the thermal processes in the stars or in atomi 
is to be invoked (E 
combined, 


c energy production, 


the Einstein's equation 
= mc?) and the laws of conservation of mass 


and of energy must be 


ZZ 
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of transformation, the system might have also performed some work AW, 
electrical or mechanical or of any other type. If Ug be the internal energy of the 
system at state B, then the net energy after transformation would amount to 


Us+ AW mie , 
From the principle of conservation of energy, we clearly see 


UstAq = Ust AW 


The usual convention is that the work done by the system (and therefore received 
by the surroundings) is taken as positive while the work done on the system by the 
surroundings is considered negative. Any form of energy other than heat which 
would leave or enter into a system is categorically included in the term work. 
. The increase in the internal energy of a system is regarded as positive and 
its decrease negative. 

The heat entering into a system i.e., 
regarded as positive and so heat lost by the system to t 
as negative. 


We see then, Aq = Ug-U44- AW = AU-- AW 
or in the differential form ; dq = dU + dW 
. That is, heat taken up by a system would be equal to the internal energy- 
increase of the system and the work done by the system. This is the algebraic 
statement of the first law. 


A few comments may be made on this equation. y ( 
(a) In an isolated system there is no heat exchange with surroundings (adia- 


batic process), dq — 0 
-. dU+dw = 0, or dW = —dU 
The work performed, irrespective of its nature, by an isolated system will be equal 
to the internal energy decrease. This enables us to define the internal energy of the 
system as a property whose change is measured by the amount of work performed 
by or on the system under adiabatic conditions. 
(b Ina cyclic process, $ dU = 0. 
Hence, $ dq $ dU -- $ dW 
or $ dq = $ dW 


The total work obtained is equal to the net heat supplied and no excess W 


can be obtained. j 
(c) In a non-isolated system, permitting heat-transfers with the surroundings, 


gained by the system. is conventionally 
he surroundings is taken 


2 0V.4) 


ll 


ork 


- the system gains heat (dq) and performs work (dW). For the system, 


dU = dq—dW 
If we consider the surroundings only, it loses dg amount of heat but receives 
dW units of work. The internal energy change of the surroundings will then be 
dU’ = dW—dq 
Therefore, dU = —dU' 


The gain in internal energy of the system is counterbalanced by the loss in the 
same of the surroundings, or, 

dU +dU' = 0. 
The net change in the internal energies of the system and the surroundings ta 
together would be nil. 


ken 


We often require different forms of energy for different purposes. We need electrical energy 
for the light-bulb but mechanical energy for driving a car or a train. This necessitates conversion 
of one kind of energy into another. The transformation into the desired form may not often be 
directly done, For example, coal contains inherently a lot of internal energy. During burning 
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this energy functions as chemical energy and yields heat. The heat 


pulla train. Or, the mechanical energy thus produced may be made t 
electrical energy, to be used for different purposes. The electrical 


IV.7. dQ and dW are not Perfect Differentials. 
first law, it should be clearly realised that in the 


s nt way in the arrangement of a voltaic cell practically 
no heat is evolved (i d 


(.e., — 0), internal energy-change appears as electrical 
work. Hence, heat-transfer dQ depends on th 


€ but in the second path 


owed to expand from a volume V, 
1) Where P is the constant external 


e n à rever- 
sible process, the change of the system is allowed to happen slowly in minute quan- 
tities until the whole of the Specified change is achieved. In an ideally Teversible 
process, the change must occur in succes 


quantities, 
such a way that, throughout the transi- 


ions. Then if th 


transformation. 7 - 
Suppose we have a system in which heat- 


SEES: LLL S 


n 
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. Again suppose a gas is enclosed in a cylinder with a 
piston and kept in a constant temperature bath. The pressure 
over the piston is P. The gas will expand if the pressure P is 
very slightly lowered to P’. Let the work of expansion be P'-P-AP 
AW. If now the new pressure be raised slightly, back to P, 
the gas will contract. It can be shown that the work now 
performed on the gas during contraction will be the same as 
received from the system during expansion. Such a change 
would be regarded as a reversible one. g 
. . A truly reversible process, has to be carried out in 
infinitesimal amounts and, hence, would require infinite time. 
In practice, the small changes in a process have definite Fig. 1V.4 : 
magnitudes and are thus only close approximations at the best to a true reversible 
process. A strictly reversible process is thus purely a concept, nevertheless it is 
extremely useful in analysis of our problems of energy-changes. . 

An irreversible process is one which occurs suddenly or spontaneously without 
the restriction of occurring in successive stages of infinitesimal quantities. The 
system would also not remain in virtual equilibrium during the transition. The 
system after undergoing a change will not have the tendency to return to the initial 
state by itself. If the change be reversed and the system is made to go back to the 
initial state, the work (dW) in the forward direction and in the backward process 
would be unequal. It is important to remember that if the initial and final stages be 
specified, the internal energy change would always be the same, whether the 
process has been effected reversibly or irreversibly. In an irreversible process, 
since work terms (dW) in the two opposite directions are unequal, the heat- 
transfers (dQ) would also be unequal. 

Many processes occur in nature spontaneously. These spontaneous processes 
happen unidirectionally and certainly not in successive stages of equilibria in 
minute quantities of transformation. Natural processes are therefore all irrever- 
sible. 

Suppose water in a beaker is heated from 20°C by heating over a Bunsen flame. This process 
is irreversible, because the temperature of the flame is very high and the water near the bottom of 
the beaker will be more quickly heated than the rest. In consequence convection and turbulence 
would start. As such, the equilibrium is disturbed and the change is not reversible. 

The water from the slopes of the Himalayas flows down the Ganges into the Indian Ocean. 
Such natural flow of a liquid downwards is spontaneous and is irreversible. The water in the 
Indian Ocean will of itself never go up the hill. If the water is pushed up from the Ganges by exter- 
nal agencies, the work to be done far exceeds the work received during its downward flight. Hence 
the process is irreversible. 

A gas like ammonia brought in contact with water will spontaneously be absorbed by water 
forming a solution, producing heat and particularly no work. Of itself, the solution would not 
separate back into the two components water and the gas. A lot of work has to be performed to 
separate these two from the solution. 

Carbon, set fire to, burns in oxygen producing carbon dioxide and a quantity of heat. If 
the heat received thus be restored to carbon dioxide, the latter will not revert back to carbon and 
oxygen. The process thus carried out is irreversible. Similarly, heat produced due to friction in 
the motion of two bodies, the diffusion of two gases into one another, or flow of heat from a body 
at higher temperature to that at a lower temperature, are all irreversible changes. 


A reversible process is that in which the opposite changes can be effected 
along the same path with heat-changes and works performed being the same 
though opposite in sign, and as such the process has to be carried out in successive 
stages of equilibrium in small amounts. An irreversible process would not satisfy 
these conditions. 

The fact that the process is irreversible does not mean that the system cannot 
be restored to the original state. The water that has come down to the ocean can 
be taken back to the top of the hill, the carbon dioxide can be decomposed back 
to carbon and oxygen, etc. But such reversals would involve work by the surroun- 
dings or external agencies greater than that was obtained during the forward 


changes. 
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A change carried out naturally in an irreversible way may also be performed 
in a reversible fashion, but that would need some special arrangement. For 
example, the beaker containing water to be heated from 20° to 30°C may be placed 
successively in thermostats of temperatures 20.1°, 20.2°, 20.3°, 20.4° and so on, 
until 30°C is reached. At every stage, the system must be allowed to attain equili- 
brium. The smaller the temperature differences of the thermostats, the more ideal 
would be the reversibility. The process of irreversible solubility of ammonia gas 
in water may be performed in the following way to make it a reversible one. The 
ammonia gas may first be expanded to an infinitely large volume, by reducing the 
pressure. The gas at extremely low pressure be brought in contact with water 
when extremely slowly the gas will enter the liquid. Subsequently, by increasing 
the pressure in infinitesimal amounts the gas may be completely dissolved. 


IV.9. Work in a Reversible Process. (i) Expansion of a gas. Suppose we have a 
quantity of gas in a cylinder enclosed by a frictionless piston (Fig. IV.5). The 
whole cylinder is kept immersed in a large constant-temperature bath at T°(Abs). 
Any change that would occur to this system would thus be isothermal. 

There is also a latch in the cylinder at the top (B) and the piston 
cannot move beyond that point. The volume of the gas when the 
piston is at B, is, suppose Və. To start with, the gas occupies a 
volume V, and the piston is at the point A, the equilibrium pressure 
over the piston being P,. The aim is to expand the gas from volume 
^ V, to volume V, by reducing the pressure. This can be done in 
Various ways. We can make the pressure over the piston arbitrarily 

anything, say 0 (zero), 1P,, 1P,, etc., and the piston will immediately 

T move up. When pressure is zero, work would be nil. If pressure is 
¿Pı work would be 4P, (V;—V4). If pressure is 3P,, work would 

Fic. 1y,5 be $P, (V;— V.) and so on. In fact, we may get different amounts of 


work from the same change. All these processes obviously are 
irreversible. 


System would be (P, — AP) AV = P,AV, the term AP. AV being negligibly 
small. The new pressure is again very slightly reduced and a little more expansion 
effected. This process may be repeated and thus by infinite number of successive 


Steps, the gas may expand from volume V; to Və. Let the final pressure be P; 
when the volume is Vs. At every step a smal 


by PAV, where the pressure (P) continuous! 
work is given by. 


We must remember that P has also been changing durin; 
ously. If the system contains n gm-moles of the gas an 
be an ideal one, then 


g the expansion continu- 
d the gas be supposed to 


Va 
AW = f RUAY = nRT Ys 
Yi Vy 


For the isothermal expansion of one gm-mole of gas at temperature T° Abs, 


Vs 
AW = RTln y, 
s V, Py 
Since Va eB at const. temperature, we have, 
T 2 
D P, 
AW = RT Ín E 
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The change has been carried out in successive stages of infinitesimal amount 
and therefore, this is a reversible process. Hence the work in the isothermal rever- 
sible expansion of one mole of ideal gas is 

Vs 


AW = RTh y? AYS) 
1 


This work is necessarily the product of the force and the displacement. The dis- 
placement in this case is specified, namely (Vaą—V,). Hence, the greater the 
magnitude of the force or pressure, the greater would be the magnitude of work. 
If the pressure over the piston were made greater than (P, — AP), there obviously 
would be no expansion. Therefore if we want to have the expansion as desired, 
(P, — AP) is the maximum that could be applied. So, the work obtained in equation 
(IV.5) is the maximum. If the pressure over the piston were made appreciably 
less, instead of infinitesimally smaller than the gas pressure, the work would be 
evidently less than that obtained above and the process also would be more irrever- 
Sible. We are therefore led to conclude that the work in the reversible process 
is the maximum and is greater than that in the irreversible process. 


Suppose we carry out a small expansion of the same gas in two ways. Firstly, we 


change the volume as before until the pressure is Ps, the process is reversible and the reversible 
work is given by, 


AW, RTI: = RT n” 
ES nem fA 
T A In P, 


Secondly, we reduce the pressure over the piston at once to P, which would be the equilibrium 


pressure of the gas when the volume is V;, then the gas would immediately expand against a 
constant pressure Pg, the process is irreversible and the irreversible work 


RT RT P. 
fe E. i h 
h [+ A ] nr] 1-5 ] 


Then,  AW,—-AWg = RT In? a RT| 2 =] 


[| 


AWir = PaVa- V) 


P,—P, P,—P; 
— RT 
P, 721 


RT 


i 


(for small changes) 


l 1 RT 3 
= RT(P,—P;) [z — zl E pP = +ve quantity 


Hence AW, AWir 


Tbe york In a reversible process is greater than that in an irreversible process. 

y. E ONT xam to the same system when the gas has expanded to volume 
fe pressure P». It can now be easily seen that if we continue to increase the 

pressure by infinitesimal amounts in successive stages until the volume becomes 

V4, and therefore, pressure P}, the work done on the system would be 


Vi 
AW —ZPAV zl Pav = RT In bt = -RT in 1A. 
Va V, V 


That is, the work term is the same with a reversal of sign. Hence in a complete 


reversible cycle of expansion and contraction at constant temperature, the net work 
would be zero. 


Or, in an isothermal reversible cyclic process, $ dW = 0 
This is not only true in the expansion of a gas but in other types of changes as 
well. Suppose a voltaic battery is used to perform electric work, maximum work 
will be obtained when currents are drawn in exceedingly small quantities thereby 
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reducing the e.m.f. in successively small amounts, so that e.m.f. remains as high 
as possible while yielding the work. The same work will also be involved in charg- 
ing the battery. 
It is seen that 
(i) A change carried out in a reversible way yields maximum work. Con versely, 
in order to obtain maximum work the change must be effected in a reversible fashion. 
(i) The net work in an isothermal reversible cyclic process is zero. 


If the system contains one mole of a van der Waals’ (real) gas, the work of 
isothermal expansion would be given by 


AW = [ RT mY) ae = RTIn Bn ta [z E z] (IV.6) 


Problems. (a) Calculate the max. work done when the Pressure on 10 gms. of hydrogen is 
reduced from 20 to 1 atmospheres, the temperature remaining constant at 0°C, The gas is supposed 
to behave ideally, 

The work of expansion of n gm-moles of gas from pressure Pi to Py 


P 2 
W = nRT ln > = 2.303 x5 8.31273 log = = 33960 joules, 
af 


Since n = — = 5 moles 


KO) Isothermally at 27°C, one mole of a van der Waals’ gas expands reversibly from 2 litres to 
20 litres. Calculate the work done if a = 1.42 x 1012 dynes-cm* per mole and b = 30 c.c. per mole. 


: V—b 1 1 
By equation IV.6, work — u [z- Hu 
equation worl RT In ob +a A A 


W = 2303x831x107 X300 log 725 4-142 x 10:2 = x 


5677x107 ergs — 5677 joules. 


] ergs 


AW = PAV = F(V,—V)) 


In most cases, V; is negligible compared to V and further if the vapour is supposed 
to obey ideal gas laws then 
RT 
AW = PV, =P. p = RT (for 1 gm-mole) +. (IV.7) 

(iii) Addition of solvent to a solution. (a) If we simply add so 
a given solution, scarcely any work would be obtained and the pro 
sible. But a reversible work may be derived in the following way, 

Consider two cylinders with pistons as before 
and the other containing solution, both in equilibrium with t 
solvent (FiG. IV.7). Both are at the same temperature T° Abs, The vapour pressure 
over the solvent is P, and that over the solution P, It is known PQP, Then, 


me solvent to 
cess is irrever- 


SOS t 
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Then, let Ax gm-moles of pure solvent be vaporised reversibly at the same tempe- 
rature, the work, neglecting volume of the liquid (eqn. IV.7), 
AW, = P,AV = AxRT. 
Ax gm-moles of vapour is now separated from the cylinder and allowed to un- 
dergo expansion until the pressure becomes P}, isothermally. The work involved 
in this process, given by equation (IV.5) assuming the vapour as an ideal gas, 
would be ; 

AW, = AxRT In z 


1 


p, 
Po Py 


EE solvent == solution 


Fic. 1V.7 


The vapour, now at pressure P,, is introduced in the cylinder containing the 
solution and the piston is gradually lowered reversibly until Ax gm-moles of 
vapour condense into the solution. The work, reversible and opposite to that 
of vaporisation, would be 

AW; = PAV = AxRT. 
The net work, therefore, 


AW = AW, + AW, + AW, = AXRT nt 
T 


It is presumed that such small addition of the solvent would not materially alter 
the concentration of the solution. If 1 gm-mole of solvent be added to a very large 
volume of solution, then 


AW = RTin 2 ... (V8) 
1 


If instead, a concentrated solution (conc. c and vap. pressure P) be diluted by a 
less concentrated solution (conc c, and vap. pressure P,), then it can be shown 
that the net work would be 


AW = RTI TE J IVS) 
al 


(iv) Dilution of a solution. We shall next consider 
the work involved in diluting a solution from a higher to a 
lower concentration. Consider an arrangement as shown 
in Fig. IV.8. A cylinder containing a solution (conc. C,) and 
pure solvent is enclosed by two pistons at the two ends, 
the solvent being separated from the solution by a semiper- 
meable membrane AB. The membrane only allows solvent 
to pass through. The temperature 7? Abs is kept constant. 
The osmotic pressure of the solution is-7 and the piston on 
the top exerts a pressure z just sufficient to prevent osmosis. 
If the pressure in the piston is slightly lowered, a small amo- 
unt of the solvent would enter. Let this infinitesimal lower- 
ing. be successively continued until AVe.c of the solvent 
enters the solution reducing its osmotic pressure to 7’ and 
concentration to C}. The work done by the system, 


Solution 


et 
tl tt 
pnm «Solvent 


Ci 
AW = f ndy 
Ci Fic. IV.8 


11 
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1 F 
Now concentration, C = L ; ie., dC = — yid" = —C'dV 


[ei C; 
? 1 dc — C, 
enw enr( -g )ac = -ar| grg ...0V00 
: 2 


Cı 


[It is assumed that osmotic pressure z = CRT. It will be proved later in connection with 
dilute solutions.] 


IV.10. Heat Content or Enthalpy. The pressure and the volume of a system are 
thermodynamic co-ordinates and their product PV, we have seen, is expressed 
in units of energy. The sum of the two energy terms associated with the system, 
namely the internal energy U and the PV-energy, is universally represented by H 
and is called the enthalpy or heat-content of the system. 


H = U+PV ER aa i IV2LL) 
In the differential form, dH = dU + PdV + VdP T: < (V12) 

If a system undergoes a change at constant pressure, the change in enthalpy, 
dHp = dUp + PdVp, ECVET) 


the suffix P is used to indicate constancy of pressure. 


We know, U depends on the state of the system and P and V themselves 
specify the state, being thermodynamic co-ordinates. The heat-content H, there- 
fore, depends only on the state. H is thus a characteristic function of the system 


and dH is a perfect differential. The magnitude of dH, for a given change of the 
system, will be independent of the path of the change. 


The first law states dQ = dU -- aW 
The work dW may be mechanical, electrical, chemical or of any other type. If y 
we consider processes in which the entire work is mechanical i.e., expansion or 
contraction of the system, then dW would depend on the values of P and V. 
Further if the change of the system be carried out at constant pressure, then 


dWp = PdVp 


2s. (IV.14) 
The change at constant volume would involve no mechanical work. 
Hence from the first law for a change at constant pressure, 
dQp = dUp + dWp = dUp + PdVp o. (IV.15) 
Substituting (IV.13), 
dQp = dHp . . . (IV.16) 


That is, the increase in heat-content 


j of a system durin 
is the heat absorbed during the process H 


8 a given transformation 
at const. pressure. 
IV.11. Ideal vu ADEL conducted by Joule sho 
allowed to expand freely into a vacuum, there was practically no heat- i 
the surroundings. An evacuated bulb was connected through co ped La 
vessel containing air. When the stop-cock was opened, the air passed into the 
evacuated bulb but there was no temperature change. The System did not lose or 
gain any heat. We now know that this experiment really corresponds to ideal 
behaviour. The expansion into a vacuum (where P — 0), involves no work. There- 
fore, both dQ and dW are zero. From the Ist Law, f 


therefore, dU = 0. 3 
internal energy of a gas does not depend upon the volume. 0. That is, the 
But U depends upon temperature. Hence, 


wed that if a gas be 


at constant temperature, 


W) Lg 
(7 z= EEV 
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This assumption is made for ideal gases. At constant temperature, the pressure 
varies with volume. Since for ideal gases, 


dU dU 
(ar), — 0, hence Ga =0 . . . (IV.18) 
Further, we know, H = U + PV 
l 3H) _ (au aen) 
ge (25). 5 (5; T «( oP fr 
: > a RHN . 
Ideal gases obey Boyles’ Law ; hence (52). =0 
dH 
(38), -: 
3P), ND) 
and consequently (Gre =) 


Internal energy and heat-content of ideal gases are independent of pressure and 
volume. 


IV.12. Heat Capacity. If a system is raised 1°C in temperature keeping the pressure 
constant, the amount of heat required is called the heat-capacity at constant pressure 
denoted by cp. lf one gm-mole of substance be taken as the system, the symbol 
used for molar heat-capacity at constant pressure is Cp. 


Hence Cp = af = ar 
But from (1V.16), dQp = dHp 
R (9H 1V.20 
E n J a) 


On the other hand, the amount of heat required to raise the temperature of a 
System by 1°C keeping its volume constant is called its heat-capacity at constant 
volume, denoted by cy. The symbol Cy is used in the case of a gm-molecule. 

As the volume is kept constant, no mechanical work is involved (we are not 
considering other types of work at present), i.e., 


dQy — dUy 
A^Qv 9Qv QUy ðU 
Menem Cy AT T aT AUR veu UV 


The rate of change of heat-content at constant pressure with temperature is 
the heat-capacity at constant pressure. The rate of change of energy-content at 
constant volume with temperature is the heat-capacity at constant volume. 

The two specific heats are not equal and the relationship between them can 
be easily deduced. 


U = fir, V) 
au = (Sr), ^T (Sy), 4” 
s at), = (ar), + (5v). (are 
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Then Cp—Cy = (=); = (32 , 

= (25). +? (3), - (523), 

= (ar), + (3v); e). +? (2). - (3r), 

=| a) +e] 27). ... 0V.22) 
For a gm-mole of an ideal gas, where $7), E. 

e-6, = [(37), +? Mr), 
=P (27) =Px$ =R <. (1V.23) 


The same result was obtained from considerations of the kinetic theory. The 
heat-content H and the internal energy U of an ideal gas, we have seen, are in- 
dependent of pressure and volume. Since, 


oH QU 
Cp = (5, and Cy = er)» 
for an ideal gas both Cp and Cy would depend only on the temperature. From 


thermodynamics alone, a correlation between the heat-capacity and temperature 


cannot be derived. Usually both Cp and Cy increase with temperature. The 
commonly used empirical relations are 


Cp — a 4 bT 4 cT? +... . - . (IV.24) 
and Cy = a,-- b,T ess (1V.25) 
i dCy _ (U) _ 

TRE ar = (ar), = ^ 


[where a, b, c. . . and aj, bı... etc. are constants]. 


IV.13. Kirchhoff’s Equation. If a system undergoes a change from a given state 
to another given state, both the internal energy and heat-content would alter. 
We may write 


U;—U; = AU 
H;—Hq = AH 
the suffixes f and i denote final and initial states. 
Differentiating these with respect to temperature, at consta 


former and at constant pressure for the latter, we have, gs due orae 
and aed EAS [ar le TR pt am er n. 
of Í AAU) zi ACydT 


and j &(AH) = Í ACpdT 


tte 
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Integrating between the limits T^ and 0? Abs., we find, 


T 
AU — AU, = ACydT ... (IV26) 
0 ; 


gu 
AH — AH, E ACpdT ... (IV.27) 
0 


These relations are termed Kirchhoff’s equations which enable us to find out 
the variations of internal energy-changes or heat-content changes with temperature, 
from thermal data. The relations would apply to all changes, physical or chemical. 
It is necessary to remember that ACy and ACp are the differences of the heat- 
capacities of the system at the final and initial states. : 

Most of the physical and chemical changes are often carried out under constant 
TM and equation (1V.27) is commonly employed. We see by applying equation 

IV.24), 


T T 
AHr — AH, ar ACpdT E Í ( Cp, — Cp,) dT 
0 0 
T 
E (ar -b;jT--cjT? ... —ai—b|T—6iT? . . .) AT 
o 


T 
=| (a + BT + yT? +...) dT 
0 


a 
Lm M E ... (1V.28) 
where a = ar — ü, B = br — bi, etc. 
A useful application of such relations is illustrated in the problem given below. 


Problem : The heat of formation of ammonia from its elements is 11030 calories per mole 
at 27°C. What will be its heat of formation at 1000°C? Given 


Cp, ` = 694—02 x 10-°T ; Cp, = 645 + 1.4 x 10-17 
Pn) Pina) gE 
and Cp. = 6.2 + 7.8 x 102T—72 x 107° 
(NH3) 


The reaction is, $N, + 3H; = NH,  (AH;o, = —11030 cals.) 


T 
By equation (IV.24), AHr— AH, = f ACpdT 
0 


T. 
= C, — — . 
J [ Ps) Pa) icr s] AU 


Now [oj = 6.2 + 7.8 x 10-?T—7.2 x 10T? 
Ps) 
C = 10.41—0. -3 
E Pon) 0.3 x 10°7 
iG = 3225 + 0.7 x 10-3 
Pina) T 
ACp = —7.435 + 74 x 10-°T—7.2 x 10-*7* 
T 
AHr = AH +f (—7.435 + 7.4 x 10-°T—7.2 x 10-°T*)dT 


0 
AH y—7.435T + 3.7 x 10-8T?—2.4"x 10-*T* 


LU 
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te AHy = AH.—7.435T’ + 3.7 x 102772—24 x 10-5775 
So AFy273— AH 390 = —7.435(1273—300) + 3.7 x 107*(1273?— 3007) —2.4 x 10-5 


x(1273*—300?) 
= —1091 cals. 
AH = AH 309 — 1091 = —11030—1091 = —12121 calories. 


IV.14. Adiabatic Processes. The adiabatic changes of a system do not permit 


any heat-transfer between itself and the surroundings i.e., dQ = 0. Hence, from 
the Ist Law, 


dU +dW = dQ — 0; or dU = —dw 
Any work done on the System will increase the internal energy and conversely, 
the decrease in internal energy in such a process will be equal to the work done by 


the system. If the system suffers only mechanical expansion or contraction, then 
for minute change of the System under a pressure P, we have 


dU — —dW — —PdV . +- (IV.29) 
In a system containing ideal gases, we know, dU = CydT. Hence, for ideal gases, 
CydT = —PdV 2. (IV.30) 
or CydT = — Ray (for one gm-mole) 
dT dV 
is Cre ie Ry, 
or CydinT = —R diny 
or CylnT = —RInV +z (constant) 


If the initial and final temp 


| eratures of the ideal-gas system be T, and T, and 
volumes V, and V; respectively, 


eR Ta 

Cyl Rin y; 

T, Vac 

or mots LAS 
ny, In (7) y 


Cy 


Ce 

; T he V, \»-1 
fi t 1V/23) n a Rp Ku s l2 
rom equation (. ) n T, In ( y.) 4 In ( 5j 


c : n 
where y — es Tatio of heat-capacities at constant Pressure and at constant 


volume. 


Hence, Tı V=! = TV x-1 = constant 


Substituting T by LE in this relation, 


Pw, PV; 

=r Vy = ER V»-1 = constant 
or PV = PV." = constant 
d RTAM RT, \” 
Similarly, Bi Um =P; (=) = constant 
or TyP,-v = Typ,-»y = constant 

Icy 1-y 

or TP, > = TP,v = constant 
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In an adiabatic mechanical change of an ideal gas, then 
1-» 


Py” = constant, TV”! = constant, TP” = constant "Et (IV.31) 


In an isothermal change PV — constant, while in 
an adiabatic change PV” = constant, where yl. 
Hence if the given pressure of a gas be reduced to the 
same extent isothermally and also adiabatically 
separately, then the final volume in the adiabatic 
process would be less than that in the isothermal p 
process. The adiabatic indicator diagram has there- | 
fore a greater slope than that of the isothermal. 
We shall find such cases in dealing with cyclic processes 
later on. 

Adiabatic Work. We have just seen that the 
adiabatic work done by a system is, (IV.29), 

AW = —AU = PAV. Since AU = CydT, 
the adiabatic work, AW AU CydT = Cy(T,—T:) 


. . (IV.32) 
where T, and T; are the initial and final temperatures of the system. For 1 mole 


of ideal gas, T = PV/R. Hence substituting this in eqn. (LV.32), we obtain for 
system of ideal gases, adiabatic work, 


12 n A _ BAT PV 


ad 1 
Aw = Cr( R R 


PV, —P.V: 
= F5 ceo e URGES) 
where P, and V, are the initial pressure and volume and P,, V, are the final pressure 
and volume. 


Problem : Five litres of a monatomic gas expand adiabatically from five atmospheres to one 
atmosphere. The final volume is 11.8 litres. Calculate the adiabatic work. 


A RC 


P, Vı— PV: 
From (eqn. IV.32), W = E 
5x 5-1 x 11.8 
Hence W= a 7S 20 litre-atmospheres. 


(The gas is monatomic, therefore y = 1.66) 


Problem : 70 gms of nitrogen gas was initially at 50 atm. and 25°C, 
(a) It was allowed to expand isothermally against a constant externa 


atmosphere. Calculate AU, AH, AQ and AW, assuming the gas to behave ideally. , 
(b) Also find out the maximum work that would be obtained if the gas expanded reversibly 


and isothermally to one atmosphere. 


| pressure of one 


(a) Amount of gas, 2 = 2 = 2.5 gm-moles. 


Initial pressure, P, = 50 atm ; final pressure P, = 1 atm. 
Since the gas is ideal, A U = 0 and also AH = 0, as the temp. is constant. 
ui " )- P nRT _ nRT nRT.Ps. (P, —P:) 
e work obtained AW = Pa(v2—¥1 2 ( Ps Pi P,P, 
2.5x2x298 x1 x(50—1) 
50x1 
= 1.5Kcals. 


Since AW = AQ, ~ ^Q- 15 keals. 

(b) The maximum work for its isotherm: 
50 

= 2,5x2x298 x2.303 log T = 5.8 Kcals. 


calories 


al reversible expansion, 


RT n P. 
AW=n " p. 
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Problem : 100 gm of nitrogen gas initially at 25°C and 10 atm ex 
Constant pressure of one atmosphere. Assume the gasto be ideal and 
cals/mole. Calculate the final temperature, and A U and AH. 


Given 100 gm N, = 100/28 = 25/7 gm.-moles, and 


Cp = 6.96, i.e., Cy = 4.96, as the gas is ideal. 
The initial pressure, P, — 10 atm. ; initial temp = 298°K, 


pands adiabatically against 
its heat capacity Cp = 6.96 


nRT, 25 — .0817298 E 
and hence the initial volume V, ue EE 8.67 litres 
P 7 10 


ie., initial volume per gm-mole, v, — 2.44 litres. 


The final (constant) pressure P, = 1 atm. 


Let the final temperature be T; and the volume V.. 
Suppose also that final volume per mole = v. 


Then in adiabatic expansion of 1 gm-mole of the gas against constant pressure P,(= latm.), 
we have 
CydT — —P.dv = —Pv,—v,) = Pv —v;) 
or 4.96 (Ta—T,) = 1(2.44—v;) x 24.2 cals, 
[1 lit-atm = 24.2 cals] 


Renin Pwi _ Pave oue TP 10x244 244 
T SN STO Ti PIXT, C. e798) S58, 
244 
or ss 
eee nog 


Substituting, 4.96 (T,—298) = (244 - oe 7) 24.2 
T, = 222°K, 


e v = D e b 
a = 298 * per mole, 


whence 


The final volume of the Biven sample, US 3 x a — 64.3 litres. 
Now AU — —ncydT 


7 X4.96x(298—222) = — 1346 cals, 


And AH = AU+ A(Py) = AU + (PSY, P, V.) 


—1346 4- (1 x 64.3—10 x 8.67) x 24.2 
= —1888 cals. 


ll 


THERMOCHEMISTRY 


IV.15. Heat Changes at Constant 


5 Pressure and at Con 
reactions occur under atmospher 


J stant Volume, 
Ic pressure or unde. Most of the 


T Some constant Pressure. 


j 
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The homogeneous reactions in solution or reactions'in a closed vessel take place 
at constant volume. As such, the reactions are studied usually under two specified 
conditions either at constant pressure or at constant volume. 

. If the reaction takes place at constant pressure the heat-changes may be 
expressed as Qp, and similarly the heat-change at constant volume is Qy. We 
know, heat-change at constant pressure is the change in the heat-content of the 
system, 

Op = AHp = Hiesoltant x Hiesctants 
Assuming that during the process, work performed, if any, would be mechanical, 
we can write, 
Op = AHp = AUp+PAV e... (V.34). 
A, being the change in the volume of the system in the chemical process. The 
suffix P denotes that pressure is being maintained constant. 
On the other hand, if the chemical process takes place at constant volume, 
there is no mechanical work. ; 
Hence, Qy = AUy 2 0V35) 
Subtracting (IV.35) from (IV.34). 
Qr — Qv = AUp — AUy + PAV 
It cannot be presumed that AUp would be equal to AUy for a given process. In 
gaseous reactions, the components are often supposed to behave ideally, and 
in such a case, the energy-contents are independent of pressure or volume, SO 
that AUp and AUy are the same. In other chemical reactions, A Up and AUy 
differ only to a very little extent and the difference is negligible compared to the 
large.heat-effects So it is usually assumed, AUp = AUy 
Hence, Qr = Ov+ PAV 2. . (IV.36) 
3 In a gaseous reaction if m, moles of reactants are transformed into n, moles 
of resultants, then the increase in the number of gm-molecules due to the reaction 
is (ny—n,). If V denotes the volume of a gm-molecule at the temperature and 
pressure of the reaction, the volume-change in the chemical process, 


AV = (m—n)V = NES 


Substituting in equation (IV.36), 
Op = Qy +PAV = Qv + AnRT. EE (IV.37) 
Where An is the increase in the number of moles in the chemical reaction. 


ide and liquid water is —930 Kcals. 


The heat of combustion of liquid toluene to carbon diox 
e at 27°C. 


at constant pressure, Calculate the heat of its combustion at constant volum: 
Qy = Qp — A"RT. 

C,H, + 90, = 4H;O + 7ICOs 
liq. gas liq. gas 

Hence Oy = —930 — (2) Qx107) x 300 = 


(Volumes of liquids are comparatively negligible.) 


An = 7-9 = —2 


—928.8 Kcals. 


IV.16. Notati i h s for chemical processes 
-16. Notations. The modes of expression of heat-change | x 

are somewhat UE texts of chemistry and thermodynamics. In chemistry, 
the thermochemical equations, i.e., equations showing energy-changes 1n chemical 


Processes often re 8 
presented as : 
For exothermic reaction: HCl:'+ NaOH = NaCl + H,O + 13400 cals. 
For endothermic reaction: Na + Os = 2NO — 42000 cals. l 
heat evolved is written with the 


That is, i i ity of I 
, in case of heat-evolution, the quantity o 2 l 1 
Products with a positive sign. In heat absorption, the quantity of heat is written 


With the resultants with a negative sign. 
Hence, 13400 cals = H(ucicNaOH) — Hwaci+30) 
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[1V.17 


i ion i tem as a whole. In 
In thermodynamics, the attention is concentrated on the sys hole. 
exothermic changes, heat-content or energy-content of the system would diminish. 


In endothermic changes these properties 
Na +0, = 2NO ; [AHp = + 42000 cals] 
- HCl + NaOH = NaCl +H,0 [AHp = —13400 cals] 


In these cases, however, A Hpand AUyi.e., Op and Qv w 
is no volume-change i 


CH; + 90, = 7CO, + 4H,O Qr = — 930 Kcals 
Oy — 928.8 Kcals 


I 


The heat-changes in chemical reacti 
of the reactants and 


are represented by letters, g, Z and s on the sid. 
the heats produced in the oxidation of liquid a 
as follows : 

2C,H,(!) + 150, = 12CO, + 6H,O(I); [Qp 


= — 981 Kcals] 
2C Hg) + 150, = 12CO, + 6H,O()  [Q, 


= — 716 Kcals] 


change on further 
I$ often written on 


HSO, (aq) + 2NaOH (aq) = NaSO, (aq) + 2H,0 
[AHp = —275 Keals] 


Sclutions are in very dilute st 
uring the process, 


means the 
dilution d 


IV.17. The Laws of Thermo 
are governed by two general 
of the First Law. 

A. Law of Lavoisier a 
Panying a chemical Process 


chemistry. The thermal ch 
P 


Oxygen is exactly equ 
s. 


ZH ER 68300 cals. 
H:O ()) = H, (g) + 202 (g) ; AH = + 68300 cals, 


heat-content (H) or energy-content 


would increase. Hence, we write, 


ould be equal, as there 
nvolved. In the example cited earlier we may write, 


] 


ons also depend upon the physical state 
esultants. To indicate the physical state, gas, liquid and solid 

€ of their formulae. To illustrate, 
nd gaseous benzene are expressed 


nist changes in chemical processes 
Tinciples, both of which are, of course, corollaries 


~ NES) ing to the First Law. 

(U) of the initial 4 and i ; 

the same magnitude, AS such the net heat-content Sing EUER return to 
change would be zero. Hence, 


9r energy 


i.e., heat-changes in the two directions m 
in sign. 


B. Hess's Law of Constant Heat S, 
chemical process, the net hea 


i 3 e same 
occurs in one or in several stages, Whether 


EES lop!OiA A 


-content 


law states th i 
t-change (Qp or Ov) will be th z " RT 
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(à) C+0O, = CO;; Qp = 94.05 Kcals. 
(b C+40, = CO; Q'p = — 26.42 Kcals. 
CO + 40, = CO, ; Q'p = — 67.63 Kcals. 
CO = CO; It is seen, Qp = Q'p + O^». 


In accordance with the First Law, if the initial and final states be fixed, the 
change in the heat content or energy content of a system i.e., AHp and AUy 
would be independent of the path. Hence Qp and Qy will be independent of the 
path, i.e., heat-change of a reaction will be the same whether the reaction takes 


place in a single step or in several steps. : 

One singular advantage of this principle is that we can add or subtract the 
heat-changes in the process, as we have seen in the example of carbon dioxide 
formation just now. In other words, the thermochemical equations may be treated 


algebraically. Some examples are given below. 


Example : (i) The heats of oxidation of magnesium and iron are given : 
(à) Mg+40, = MgO; AH = —145700 cals. 
(b) 2Fe -+ 80, = FeO; ; AH = —193500 cals. 
Calculate the heat produced in the reaction: 3Mg + Fe;O; = 3MgO + 2Fe. 


Multiplying (a) by 3, 


(c) 3Mg + 80, = 3MgO ; AH = —3 x 145700 cals. 

and reversing (5), 

(d) Fe,O, = 2Fe + 302; AH = 4-193500 cals. . 

Adding (c) and (d), 3Mg + Fe;O; = 3MgO + 2Fe ; AH = —243600 cals. 

Example : (ii) The heats produced in the oxidation of cane sugar, carbon and hydrogen are 
given as 


(a) CyH20n + 120,(¢) = 12CO,(g) + 11H,0(/) ; AH = —1350 Kcals. 
(b C+ O(g) = CO.(g) ; AH = —94.05 Kcals. 
(c) Hz: +40, = H,0() AH = —68.3 Kcals. 

"Calculate the heat produced if the canesugar were produced directly from the elements. 


We can rewrite (a) as 

(d) 12CO,(g) + 11H,O() = CisH22011 + 120; ; AH = +1350 Kcals. 

Multiply (6) by 12 and (c) by 11 and add (d), 

12C + 11H; + 420, = CiHs05; AH = 12(—94.05) + 11(—68.3) + 1350 Kcals. 
= —529.9 Kcals. 


Hence, by applying Hess’s law we can calculate the heat of a reaction in the for- 
mation of a compound though the elements would not directly combine to produce 


the compound. 
These examples clearly illustrate the utility of the law of heat summation. 


IV.18. Types of Heat Changes. The heat-changes involved in different trans- 
formations have been given different names depending upon the nature of the 
processes, such as heat of formation, heat of combustion, heat of dilution, etc. 


A. Heat of Formation. It is defined as the amount of heat-change that occurs 
when a gm-molecule of the substance is formed from the constituent elements. 
In the production of a mole of water from hydrogen and oxygen 68.9 kilo-calories 
of heat are evolved. Hence, the heat of formation of water is —68.9 Kcals. 


Symbolically, H, +0 = H.O; AH = —68.9 Kcals. 
Thus **—96960 calories is the heat of formation of carbon dioxide" means that 
when, 1 gm-mole of CO, is obtained from carbon and oxygen, the heat evolved 


would be 96960 calories. 

If heat is evolved during the formation of the compound from its elements, 
the compound is an exothermic one. On the other hand, if heat is absorbed in the 
formation of a compound, as in nitric oxide, the compound is called, endothermic. 
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-changes, vary with Emperature 
omparison of heats of formation o 

be chosen. It is now customary to 
; the standard heat may be symbolised 


IN, JOUER. TABS, — 11039 cals.] 


The heat of formation of à compound may also be determined from a know- 
ledge of the heat-capacities by the application of Kirchhoff’s equation. 


TABLE : STANDARD HEATS OF FORMATION AT 25°C IN KCALS 


Compound AH ins Compound AB ins 
H:O (I) — 68.32 NaCl (s) — 983 
CO (g) — 2642 KCI (s) —104.3 
CO, (g) — 94.05 CH, (g) — 17.9 
SO, (g) — 70.9 CH, (g) — 20.2 
N;O (g) + 19.7 CH, (g) + 12:5 
NO (g) + 21.6 C:H, (g) 

H-S (g) 


„If a compound Cis 


produced from the el 
mation of C is the 


ements A and B then the heat of for- 
difference of the heat-contents of C and of A and B. Thus, 
A+B=¢C 


Hy, Hg 


—} DELETE . i 
ompound C = heat of formation of C. This 
prove very helpful in determining the heats of reactions, 

Example : Calculate the 

formation of ethanol, CO, ani 


Y Convention the Standard heat- 
ments are taken as Zero, Le, H, = H, 


to CO, and water, taking heats of 
d H;O from the Table above, 
C;H;OH + 30, 


= 2C0, 3H,0 
—66.4 3x0 (—94.05) 3 x (—68,32) 
= 2(—94.05) +. 3(—68 32)—(—66 4) = —326.6 Kcals 
That is, 326,6 Keals of heat will be evolved in the oxidat. 


B. Heat of Combustion. 
combustion of a 


` J a given temperature under 
pressure is called its heat of combustion, 

We have seen that 68.9 K 
be called heat of Combustion 
oxidation of ethanol is 326.6 
which has suffered 


Compounds 


Methane 


— 212,8 — 173.6 
Ethane = 372.8 Ethanol (0) — 326.7 
Ethylene = 3379) Cane Sugar (s) —1349.0 
Acetylene — 310.6 Phenol (s) — 732.0 
Benzene () — 780.9 Aniline (H — 812.0 
Naphthalene (s) 


Benzoic acid (s) 
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The heat of combustion is usually determined in 
a ‘bomb calorimeter’ made of steel, internally enamelled 
with platinum (Fig. IV.10). It has a capacity of about 
400 c.c. and is fitted with pressure-tight screw-cap. A 
weighed sample is placed in a cup inside and the bomb is 
filled with oxygen at 30 atm. pressure. The reaction is 
started by heating electrically a thin wire dipped into 
the sample. The reaction, once started, proceeds rapidly 
with evolution of a large amount of heat. The bomb is 
kept immersed in water and the amount of heat evolved 
is determined from temperature-rise. The heat-capacity 
of the system is predetermined by the electrical method 
or by burning a standard substance (say benzoic acid) 
of known heat of combustion. It is, of course, necessary 
to insulate the bomb and the water from the surround- 
ings very carefully. The method gives result up to an 
accuracy of 0.01 percent. The heats of formation or heats 
of other reactions can be evaluated from the heat of 
combustion. Fic. IV.10 


Example : Calculate the heat of formation of ammonia. The heats of combustion of ammonia. 
and hydrogen are 9.06 and 68.9 Kcals. respectively. 


Given (1 2NH, + 30 = N,+3H,0; AH = —2 x 9.06 = —18.12 
(2) H,+0O = H0; AH = —68.9 
or (3) 3H, +30 = 3H,0; . AH = —3x 68.9 
Subtracting (3) from (1) and re-arranging 
2NH; = N; + 3H2; AH = —18.12+3 x 68.9 = + 188.58 
ite; (4) N: + 3H, = 2NH; ; AH = —188.58 
Hence, heat of formation of ammonia, AH = —94.29 Kcal. 


Example : The heat of combustion of ethyl alcohol is 325100 calories and that of acetic acid is 
209500 calories. Calculate the heat evolved in the reaction CŁH;OH +0, = CHCOOH + H;O. 
Given 

(1) C,H;0H +30, = 2CO, + 3H,0 ; AH = —325100 
(2) CHCOOH + 20, = 2CO, + 2H30 ; AH = —209500 

Subtracting (2) from (1) and re-arranging : 

C,H,OH + Os = CH;COOH + H:O; AH = —325100 + 209500 = —115600 cals. 
i.e., the heat of reaction is —115600 cals. 


C. Heat of Transition. When a substance changes from one modification into 
another, such as a-sulphur into f-sulphur, the transformation is also accompanied 
with heat-change, which is termed heat of transition. The heat of transition (as 
well as the latent heat) really is the measure of the difference in heat-contents of 
the two forms of matter at the temperature of the transition. 

The heats of transition can be ascertained from observation of the heat of 
reaction when the two forms of the substance are made to undergo separately the 
same type of a chemical change. Thus, the heats of oxidation of diamond and 
graphite are : 

Caia) + Os = CO; + 94500 cals. 
Ciera) + Os = CO, + 94050 cals. 


By subtraction ; Cai) — Cr) = 450 cals. 
or C(diamond) = Cigraphitey3 (AH = —450 cals.) 


Obviously, the heat-content of graphite is less than that of the diamond. 
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solution must be regarded as an ideal 


; at and heat of solution, are different due 
to interaction between the solutes and the Solvent. 


Solute : KCI Solute : HC) 


moles of water per AH | moles of water per AH 
mole of KCl moles of HCI 
12 + 3786 50 — 17400 
50 


+ 4276 100 


y extrapolating 
) the integral heat of solution at infinite dilution. 
1n fact, when the solution become: i 


» the heat-change assum 


^ u es a constant 
value, as shown in Fig. (1V.1I) for KCI Solutions, 
44 
42 
40 
38 
0 E "m 


: i Magnitude of heat changes 
lon at any Instant, A jr i ore 
da Partial mots A an 1S called the differen- 
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1 mole of solute from a concentration C; to a concentration C, is called the integral 
heat of dilution. These integral heats of dilution are evidently the differences of the 
heats of solution at the corresponding concentrations. 


Thus, KCl(s)--50H,O = KCI(50H,O) — 4276 cals 
and KCl (s) + 100H,O = KCI(I00H,O) — 4391 cals. 
By subtraction, KCI (50 H.O) + 50H,O = KCI\(100H,O) — 115 cals. 


i.e. in diluting KCl (50H,O) to half its concentration another 115 calories of 
heat would be absorbed. 


Problem : 100 gms. of anhydrous CuSO,, when dissolved in excess of water produced 10,000 
calories of heat. ‘The same amount of CuSO4, 5H;O on dissolving in large excess of water absorbed 
1,100 calories. What is the heat of hydration of CuSO,? 


100 
100 gms. CuSO, = 159 gm-mole. 


10000 x 159 
<. heat of solution of CuSO, = — RIDE ose 15900 cals. 


100 gms. of CuSO,, SH.0 = 25 gm. moles. 


249 


<. heat of solution of CuSO,, 5H;O 1100 x T00 -+ 2739 cals. 


ll 


Hence, CuSO, + aq = CuSO, (aq) + 15900 cals. 
CuSO,, 5H,O + aq = CuSO, (aq) — 2739 cals. 

Subtracting, CuSO, + aq = CuSO,, 5H,O + 18639 cals. 
i.e., AH = —18639 cals. 
Problem : A solution of composition CuCl, + 10H;O is diluted with x moles of water, the 
x x 5023 
x + 21.24 
of water is 11080 calories, Find out the heat of solution of anhydrous CuCl, in 10 moles of water. 
What heat would be evolved if a solution CuCl, + 600 HO be infinitely diluted? 

Wehave (a) CuCl, 10H,0 + 590 H:O = CuCl, 600 H:O + Qy 
x x 5023 _ 590 x 5023 
x-+21.24 590 4-21.24 
But » (b) CuCl, + 600 H:O = CuCl, 600 H,O + 11080 
Subtracting, CuCl, + 10 H,O = CuCl, 10H,O + 11080—4850 
^. Heat of solution of CuCl, in 10 moles of water = 6230 cals. 

x x 5023 x x 5023 


heat disengaged is given by Qy = The heat of solution of CuCl, in 600 moles 


where, Qv — 4850 cals. 


Again, if x — Ec or als. 

gain, if x Can toe x 2124 = 5023 cals 

Then CuCl,, 10H,0 + 590H,O = CuCl, 600H,O + 4850 
and CuCl,, 10H,O + aq (co) = CuCl, (aq) + 5023 


4 CuCl, 600H,O + aq = CuCl, (aq) + 5023 —4850 
i.e., required heat for infinite dilution = 173 cals. 


.E. Heat of Neutralisation. The amount of heat liberated when one gm- 
equivalent of an acid just neutralises one gm-equivalent of a base in dilute solutions, 
is called the heat of neutralisation. If the acid HA neutralises the base BOH, 


then HA + BOH = BA+H,0 + Q, 
where Q is the heat of neutralisation. 
If the acid and the base are both strong, complete dissociation may be assumed, 
and we can write 
H++ A-+ Bt+ OH- = Bt+A-+H,0+ 0 
or, H++ OH- = H,O +Q 
Hence, the heat of neutralisation is really the heat of formation of a gm-mole of 
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water from a gm-ion of hydrogen and a gm-ion of hydroxyl ions. This is corro- 
borated from the fact that heat of neutralisation between any strong acid and any 
Strong base is always the same and equal to 13.7 Kcals. i 

But when a weak acid or a weak base is neutralised, the heat of neutralisation 
differs considerably from the value 13.7 Kcals. Thus, 


NH4OH + HCl = NH,Cl + H,O + 12.3 Kcals. 
CH,COOH + NaOH = CH,;COONa -+ H:O + 12.6 Kcals. 


adiabatic one. Such a condition does, in practice, arise in the production of flames. 
The gas or gases which undergo combustion produce a large quantity of heat 


2x Creo, = 2(6.4 + 10.1 x 107T) = 12.8 + 202 x 10-87 
PE = 7.22 + 2.4 x 1037 
10 x Cen, “= 106.45 + 1.4 x 1027) = 64.54 14 x 10~T 


ZvCp = 84.52 + 36.6 x 10-°7° 
These gases have been heated fr 
by the heat of combustion. 


T 
Q =| Sycpar = "ease + 36.6 x 10-3747 
298 298 
= 184.5274 18.3 x 10-7 
Lo 84.52 (T—298) + 18,3 x 10-* (T2982) — 310600 
o 8,527 + 183 x 10-*(T)) = 337415 


This gives the value of the maximum attainable tempera; 


Moreover at the high temperature Secondary reactio: like di 


7 Ru lation of water va 
carbon dioxide, do occur which have not been taken into consid, pourjor ok 


ssoc; 
eration, 


HO = H+0H, oe — 190000 cals 


EN 
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But when the second H-atom is separated from the residual OH group, a similar 
O—H bond is broken as before, but dissociation energy is different, 


OH = H +0, oʻ 7 = 101000 cals. 


Similarly, the dissociation energy of C-H bond in methane and the same in benzene 
arc different because the residual portions of the two molecules are different. 

On the other hand, ‘Bond energy’ is the average value of the dissociation 
energies of a given bond in a series of different dissociating species. Thus in the 
above-noted example of water, the heat of dissociation of water into hydrogen 
and oxygen is 110000 cals, i.e., 


H,O = H; +40, ; AHp = 110000 cals. 


If we take the average of the dissociation energies of the two bonds of O—H 
in water, we have 
Qp + Op 120000 + 101000 
2 


UT SE] 110500 cals, 


which is practically equal to the bond energy. Hence, bond energy Qp is the 
average of the dissociating energy of the given bond in the whole species. 

Let us take another example, that of methane. The dissociating energy of 
C-H bond as in , 


CH, = CH, +H, is Q5 " = 102 Kcals. 


But the bond energy is somewhat different and is the mean value of the energies 

required to separate 4 successive atoms of hydrogen from the molecule. In fact, 
CH, = C-4-4H, Qt? — c = 98 Kcals. 

where AH is the heat of the complete dissociation which involves breaking of 

four C—H bonds. In the case of diatomic molecules, however, the bond energy 

and the dissociation energy of a given bond must be the same. 


In the calculation of thermal changes in chemical processes, the bond energies 


are useful and some of the accepted values are given here. 
\ 


TABLE : BOND ENERGIES IN KCALS 


wmzaocoraan 


l 


c 
c 
C 
C 
[o 
c 
Cc 
c 
N 
Cc 


The standard state of an element is the state in which the element exists at 
25°C and one atmosphere. The quantity of heat required to produce one mole 
of atoms in the gaseous atomic state from the element in the standard state is 
called the heat of atomisation of the element. The values of the heat of atomisation 
of a few elements are given here. 


12 
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TABLE : HEAT OF ATOMISATION IN KCALS 


AH 
Atomisation Heat of 


atomisation (Kcals) 


The knowledge of the heats of formation of a substance and the heats of 
atomisation of the constituents enables us to evaluate the bond-energy, 


* C—H bond energy : The heat of formation of methane is — 17.9 Kcals. 


(à C()-2H,() = CH; AH, = — 179 
and we know 

(b C(s) = C(g) AH = 1709 

(o) 2H (g) = 4H (9); AH = 4 x 521 
Rearranging and subtracting, 

C(g) + 4H (g) = CH, (g) ; Q = 17.9 + 170.9 + 4 x 52.1 


Q, net hcat evolved. = 397.2 Kcals. 
Conversely, in breaking the four C—H bonds, the energy required is 397.2 Kcals. 
*. C—H bond energy = 4 (397.2) = 99.3 Kcals 72 99 Kcals. 


C—C bond energy : The heat of formation of ethane is —20.3 Kcals BUG 
@ 2C (s) + 3H, (g) = CH; (8); AH; = —203 
Gi) 2C (s) = 2C (8); AH = 2 x 170.9 
(ii) 3H, (2) = 6H (8); AH = 6 x 52.1 
Rearranging and subtracting 
2C (g) + 6H (g) = C,H,(g) ; 
Q = 6 x 52.1 + 2 x 170.9 + 20.3 = 674.7 
Hence, the necessary energy to break one C—C bond and 6 C—H bonds is 674.7 Kcals. 
The bond energy of 6 C—H bonds — 6 x 99 = 594 Kcals. ` 
-. The C—C bond energy = 674.7—594 — 80.7 Kcals. 


C=C bond energy : This is also 
ethylene is +12.5 Kcals, Therefore, 


(i) 2C (s) + 2H. (g) = CHa (8) ; AH; 


obtained in a similar fashion. The heat of formation of 


= 125 
(ii) 2C(s) = 2C(s); AH = 2 x 170.9 
(ii) 2Ha (g) = 4H (8); AH = 4 x 52.1 
^ 2C (8) + 4H (8) = CH, (8); Q = —12.5+ 2 x 170.9 


+4 x 52.1 = 537.7. 
The energy of 4 C—H bonds = 4 x 99 = 396 

4. C=C bond energy = 537.7—396 = 141.7 Kcals. 

In such calculations it is presumed that the C—H 
etc. is the same. This is not strictly correct. The bond 
environmental linkings. That is, the value of the bo 
atoms linked with the neighbouring bonds and also t 
variation in the values is however often small, 


bond energy in methane, ethane, ethylene 
energy is subject to some variation due to 
nd energy depends upon the nature of the 
o the Stereochemistry of the molecule, The 


Problem : Calculate the heat of formation of methyl alcohol from standard values of bond 
energies, 


C (s) 4- 2H; (g) + 40, (£) = CH,OH [0] 
The energy changes are Kcals 
(i) atomisation of carbon (1 mole) = 170.9 
(ii) atomisation of 2 moles hydrogen = 4 x 52,1 
(Ui) atomisation of } mole oxygen = 59.6 
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(iv) formation of 3 C—H bonds = —3x99 
(v) formation of 1 C—O bond = —84 

(vi) formation of 1 O—H bond = —110.5 

(vii) Liquefaction of 1 mole CH,OH = —84 


Adding AH =  —61.0 Kcals 


The heat of formation of the liquid alcohol is —61 Kcals. 

If thére exist one or more resonating structures in the substances considered, the resonance 
energy should also be taken into account. The resonance energy per mole in Kcals are given here. 
Resonance energy (Kcals) 

Groups - C,H, Naph. C,H, COOH CO, COOEt 
Res. energy > 38 75 28 33 24 


Problem : Calculate the heat of reaction in the following chemical process in the gaseous 
state : 
CH,COCH, + 20, = CH,COOH + CO, + H,O 


The net bond energies (e) for reactants and resultants are : 


Reactants Kcals Resultants Kcals 
65c—-H = 6x99 3 *c—nu = 3x99 
2€c-c = 2 x 83.1 1 $c—c = 83.1 
I fc=0o. = 173 1 €t=o0 = 173 
2fo—-o = 2118 1 fo—-H = 110.5 
2 fco = 2 x 173 
1169.2 2 *o—uH = 2 x 110.5 
Res.coon = 28 
Resco, = 33 
1301:6 
-. Heat of reaction — —132.4 Kcals. 


THE SECOND LAW 


IV.21. The need for the Second Law. The first law summarizes our experience 
regarding the transformation of energy. We have learnt that (i) the different 
forms of energy are interconvertible and (ii) when one form of energy disappears 
an equivalent amount of another kind must appear. But there is an element of 
incompleteness in the First Law. The First Law does not indicate whether the 
change would at all occur and, if it occurs, to what extent. Moreover, it also 
does not indicate the direction in which the process of transformation would 
take place. 

To illustrate : (a) Suppose two bodies A and B are brought in contact. Then 
from the first law, we only know if q calories of heat are lost by A, exactly q calories 
of heat would be gained by B, or vice-versa. But the law does not state if A or B 
would lose the heat energy. To know the direction of flow of heat we need another 
information, namely, the temperatures of A and B. / 

(b) Again, consider the chemical change, PCI; = PCl; + Cl; : the first law 
tells us only that if z calories of heat be evolved during the dissociation of penta- 
chloride, then in the opposite reaction of combination of trichloride and chlorine 
exactly z calories of heat would be absorbed. But if we have an arbitrary mixture of 
PCl;, PCl, and Cl;, we cannot ascertain from the first law alone if there would be 
dissociation of pentachloride or not. To determine the direction in which the che- 
mical change would occur, we require the knowledge of the equilibrium constant 
of the reaction. 4 

(c) A copper and a zinc rod partially immersed in dilute sulphuric acid and 
externally connected will transform chemical energy to electrical energy. But 
whether the current will low from copper to zinc or vice versa cannot be deter- 
mined unless we are aware of the electrode potentials of the two metals. 
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These common examples show the insufficiency of the First Law. To ascertain 
the direction of a chemical or physical process we need some more information 
or the knowledge of some other criteria beyond the first law. The principle which 
would determine the direction as also the extent of a change is provided by the 
Second Law. Like the First Law, the Second Law is also truly a law of experience 
gathered from observations of nature. Any such experience which would deter- 
mine the criteria for the direction for the occurrence of a change will be the basis 
of the Second Law. These experiences have been expressed in different ways by 
different workers. That is why we often find a large number of statements for the 
Second Law, though all of them lead to the same goal, namely to indicate the 
direction of a process. 


IV.22. Spontaneous Processes. Changes taking place in a system without the 
aid of any external agency are termed Spontaneous processes. We shall make an 
attempt here to collect experiences with some very simple spontaneous processes. 

(i) Suppose a vessel containing a gas at higher pressure P, be connected 
by a tube to another vessel where the pressure is less, say P;, (P, —P,). Itis our ex- 
perience that the gas would-spontaneously move from the higher to the lower 
pressure. This process would continue until the two pressures are equalised and a 
mechanical equilibrium is established. Further we find that the change is unidirec- 
tional i.e., irreversible. When equilibrium is attained, the gas by itself will not 
Tush back to the first vessel to increase the pressure to its original higher value. 

(ii) If Solutions of two different concentrations be brought in contact, the 
solute begins to diffuse from the higher to the lower concentration till the concen- 
tration throughout becomes the same. This spontaneous action is also unidirec- 
tional and would continue till the equilibrium is reached. Further, by itself the 


solute would not migrate back to make one portion more concentrated than the 


(iii) If a hotter body A at temperature T, comes i i 
Nue TA empe 1 n contact with a colder body 


lways find heat flowing from A to B until the 

d er aut A and B become equal, i.e., a thermal equilibrium is attained. 

ee eat does not flow from B to A, i.e., the transfer is unidirectional and 

. . (v) It is a common experience that a liquid 
higher to a lower level 

is reached. This is also 


(v) Metallic copper is deposited with evoluti 
Solution is bro 


will always flow freely from a 
ed, i.e., mechanical equilibrium 


on of heat when copper sulphate 

the reaction continues until the 

€ broad fact is that a chemical reaction would 
rium. 


o: 
“All spontaneous processes tend to equilibrium" yoa, 
If we confine our attention to a specific case, namel: a 
illustration (ii), we can express our Sean by the en a kaen cl EA 
“Heat, of itself, will not pass from a lower to a higher temperature". Or e 
“It is impossible for a self-acting machine, unaided 
to convey heat from a body at a low, A oneata high NEAR We es 
Another aspect of the spontaneous processes must also be considered, I 
all these spontaneous changes, outside effort would be required to effect th pda 
change. To take the water to a higher level, to separate the solute from Mor 
tion, to produce back the zinc from the solution of zinc sulphate and c Aer 
work must be done on the system. OPPE cle 
On the other hand, during the spontaneous occurience o 


; aring | f nat 
seldom any energy is obtained in useful form or work. But ae 


nevertheless, by the 
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introduction of suitable mechanisms, it is possible to obtain useful work when 
spontaneous processes move towards equilibrium. The mechanism employed to 
obtain the work may differ from process to process. Thus, the flow of water down- 
wards would yield work if a turbine is installed ; the flow of heat from higher 
to lower temperature produces work if a heat engine be employed ; the reaction 
between copper sulphate and zinc would give useful work through a galvanic cell ; 
the movement of gas from a higher to a lower pressure can be made to do work 
through a wind-mill etc. : 


IV.23. The Second Law of Thermodynamics. We have indicated in the previous 
section the basis of the second law for the guidance of a process in a definite direo- 
tion. It is also a human experience that when every form of energy, including 
mechanical work, has a natural tendency to be transformed into thermal energy, 
the latter shows no natural inclination to be transformed into any other form. 
Only through the introduction of some mechanism, or machine can we convert 
heat into other forms. Even then this conversion occurs to a limited extent and 
not completely. Since heat is readily available, a good deal of human ingenuity 
is employed to find out the conditions and circumstances under which it would be 
possible to change heat into work. The guidance as to the conditions under which 
heat changes into the direction of work would obviously come under the Second 
Law. For this reason, in enunciating the Second Law we often find the statements 
refer to the conversion of heat into work. It is now known that two conditions 
must be fulfilled to utilise heat for useful work. 

___ 1. A contrivance or mechanism, commonly called the thermodynamic engine, 
is essential. Without the aid of an engine the conversion of heat into work is 
impossible. Further, the engine must work in a reversible cyclic process. 

2. The engine must operate between two temperatures. It will take up heat 
at a higher temperature, convert a portion of it into work and give up the rest of 
the heat to a body at lower temperature. 

Now suppose we have, for an engine, a cylinder with a piston containing 
x gm-moles of an ideal gas at temperature T same as that of the surroundings. 
Let the gas expand isothermally from a volume V, to a volume Vs. There would 
be no change in internal energy, for the gas is ideal. The heat absorbed from 


the surroundings will be completely converted into work dW, ( EXRT. n3). 
1 

in accordance with the first law. Here is then a case where dQ quantity of heat 
from the surroundings is completely converted into work dW. But when this has 
been achieved, the external agency, (the engine), has suffered a change in volume 
from V, to V4. It is thus an experience that complete conversion-of heat into work 
is impossible without leaving a permanent change elsewhere. 

. MA we want to repeat the performance, the gas must be made to come back to 
its original volume and pick up heat again from the surroundings during expansion. 
To bring the gas to its original volume V; from V;, we must perform isothermal 


work of compression equal to — x RT In Vo the same that we obtained before. 
1 


The net result is that the engine, working in a cycle at a temperature same as that of 
the source of supplier of heat (in this case of the surroundings), would produce no 
work. It is now a fundamental fact of experience that under isothermal conditions 
no engine can convert heat into work. That is why we cannot run our tram cars or 
motor cars with the heat of the surrounding air, or we cannot utilise the vast 
amounts of ocean-heat to move our ships. This experience has been stated as : 

(i) It is impossible by an inanimate material agency (an engine) to derive 
mechanical effect (work) from any portion of matter by cooling it below the tempera- 
ture of the coldest of the surroundings (Kelvin). 

(ii) It is impossible to construct an engine, working in a cycle, which would 
produce no effect except the raising of a weight and the cooling of a heat reservoir 
(Planck). 
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A little thought would reveal that all these statements essentially convey the 
Same meaning. 

We have so far seen, heat obtained from a supplier at the same or lower tem- 
perature than that of the engine cannot be transformed into work inacyclicprocess. 
But when heat flows from a reservoir at higher temperature (called the Source) 
to a reservoir at lower temperature (called the sink), it can be transformed into 
work with the intervention of an engine. The engine would pick up Q calories from 


the source, transform only a portion of it into work W and return the rest of the 3 
heat Q’ to the sink. According to the first law then 


, 


W = 

The amount of work to be obtained from a given amount of heat will depend on 
the nature of the engine and the temperatures of the source and the sink. We can 
define the efficiency of an engine, in the usual way : 

— Work produced W — 0—Q' 

-~ heatsuppied ^ Q ^ © 15 a V38) 


PARA . 
221-2 -< . (IV.39) 


Its utility, in practice, can be realised by considering a cyclic process. The 
most ideal of such cyclic Processes would be the Carnot’s cycle. . 

D Carnot's Cycle. It was the brilliant French engineer Sadi Carnot (1824) 
who explained clearly how and to what extent work is obtainable from heat. Carnot 
sential pre-requisites. Firstly, to estimate the work obtained from 


€ typical Carnot's cycle Consists o 


the gas is keptin a large the 
the volume of the gas be V, 


Operation 1. The i i i 
the volume V, to the foe me to expand isothermally and reversibly from 


The heat absorbed by the gas 


= Q (say), 
The work done by the gas = RT In Va 
Vy 
Since the gas is ideal, we know, Q = RT In Ys 


V, o. (IV.40) 


The heat absorbed by the gas — nil. 
The work done by the gas = Cp (T—T’) 
(Cy is the heat capacity of the gas.) 
Operation 3. The cylinder is then 


M" ; 3 placed in a thermostat at i 
(sink) ; the gas is compressed isothermally and Teversibly until the ii 
to Va, from V3. 


lume changes 
The heat given out by the gas = Q” (say) 


+++ (from IV.33) 


The work done by the gas = RT" In a 
8 


[ Since V, is smaller than V;, the work is negative which means work is done 


on the gas ] 
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Operation 4. The cylinder is now thermally isolated as in operation 2. The 
gas is then adiabatically and reversibly compressed to its initial volume V, and 
its original temperature T is attained. The gas thus comes back to its initial state. 

The heat absorbed by the gas = nil 

The work done by the gas = —Cy (T—T") j 
These operations may be represented by a P—V diagram as in Fig. IV.12. The 
total area enclosed within 4BCD would represent the work obtained in the cyclic 
process. 


v— 
Fic. IV.12. Carnot's cycle 


The net work done by the gas in the complete cycle, 


Reve, ; "A ; 

W = RTIn A + Cy (T—T’) + RT'In y, cv (T-T 
eae. Do een 
RT In A RT'In y, 


But considering the adiabatic changes in operations 2 and 4, we have from 
Sec IV.14., 


(à) TV) = T'Vj-1 
3 


and (b TV,7-2 = T'Vy-i 
dividing, Ve Vs 
T Vy avi 
Therefore the net work, W = RTÍn Kars T'"In Va 
V, V, 
= R(T—T^) In V2 <.. (0VAD) 
Vi 


The efficiency of the process is given by equation (IV.38), 
R(T—T^) In 


1 5- pee ... 0V42) 
RT n 4 
Vy 
XE ee MUT 
and Ww-otuz--go^ 2. 0V43) 


This relation expresses the maximum amount of work obtainable from the 
heat flowing from T to T’. This is the mathematical form of the Second Law 
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Notes : (7) Between two given temperatures, only g fraction of the total 


heat supplied is obtainable as work. 


(Gi) W = Q, only when T' =0. That is, if the engine works between absolute 
zero and a higher temperature, complete conversion of heat into work would be 
possible. Since this cannot be realised in practice, the complete transformation of 
heat into work is impracticable ; the efficiency is thus always less than unity. 

(iii) The efficiency of the engine depends only on the temperatures of the 
source and the sink (eq. IV.42). For a given source, the lower the temperature of 
the sink the greater will be the yield of work. Very often the sink i$ at the room 
temperature. In such a case, for greater output of work, the temperature of the 
source should be high. This is the reason for using high pressure steam in boilers 
for production of power. 


(iv) When T = 7", work W becomes zero. No work is available by operating 
an engine under isothermal conditions. 


IV.25. The Carnot Theorem. Two im 
on the assumption of the validity of th 
died in the Carnot's theorem. The the 
temperature limits, 

(i) a reversible engine is more efficient than an irreversible one and (ii) all 
reversible engines are equally efficient. 

_ We can proceed to establish them in the following way. (i) Suppose we have 
an irreversible engine J and a reversible engine R. Let us assume the efficiency 
P uu Um ee of R i.e., 91 > nr. This means that if a source supplies same 

0 i i 
diis CERE SE ic engines, greater amount of work will be obtained from 


portant deductions are easily arrived at 
e Second Law. These deductions are-embo- 
orem states that working between the same 


1 engines operate betwe: the source at temperature T 
and the sink at temperature T’. No 5 aetna p 


would be as follows : w the energy changes with the two engines 


4 


Fic. IV.13 
Engine I 
t Heat supplied by source = 
Work performed x g 
| Heat rejected to sink Boe W. 
Engine R cues 
Heat supplied by source —9 
Work performed = Ww. 
Heat rejected to sink =10 ? yy, 
We know, W, > W, and hence, Q— Wı < O-W,, H 


Let us now carry out a cyclic process in whic i 
: forward process. It will be supplied with heat Q Lam UNO ae the 
W, work and reject the rest of the heat to the sink ; and the reverse pr ox im 
done by the engine R which taking up heat Q— W; from the sink and b SS, p 
units of work done on it, would return heat Q to the source, In this SAN e 
cyclic process, the source has not ultimately lost any heat. But the cou: led engi fe 
have yielded work W,— W, and the net heat lost by the sink is (O—W, jur ( OW), 
which is equivalent to the work obtained. That means we have been able to convert 
completely the heat taken from the sink at the lower temperature (Fig. IV.13) 
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This is contrary to the Second Law and is improbable. Therefore, the efficiency of 
the reversible engine cannot be less than the efficiency of the irreversible one. 

(ii) The second part of the theorem can also be proved in a similar way. 
Suppose two reversible engines R, and Ry work between the source (T) and the 
sink (T^). Let us assume, one of the engines, say Ry, is more efficient than Ry. 
As before, let us couple the two engines to carry out a cyclic process. The engine 
R, takes up heat Q from the source, yields work W, and rejects (Q—W,) heat 
to the sink, while the engine R, performs the opposite process, taking (Q—W;) 
units of heat from the sink with W, units of work done on it, and returning heat Q 
back to the source. Since yr, >Nr, therefore W, >W. The source has not, at the 
completion of the cyclic process, lost any heat. The net result is that W,— Wa 
units of work have been produced. There is a loss of (Q—Wj—(Q—W) = 
W,—W, units of heat from the sink. The heat of the lower temperature sink is thus 
completely converted into work, which is against the Second Law. Thus engine R, 
cannot be more efficient than Rp. Similarly, R, cannot have greater efficiency 
than R,. That is both the engines are equally efficient. Hence all reversible engines 
working between the same temperatures must be equally efficient. Since we have 
not taken into consideration the nature of the working substance of the engine, 
we may also say that the efficiency of the Carnot engine is independent of the nature 
of the working substance. 


Problems : (1) A Carnot engine working between 0°C and 100°C takes up 840 joules from 
the high temperature reservoir. Calculate the work done, the heat rejected and the efficiency, 


T. 
(a) Work done W = Q, x E — 840 x 10? x E = 2.25 x 10° ergs. 


^ T; 840 273 
(b) Heat rejected Qa = Q= = ——.— = ies. 
Qa = Qi Tn 42 35 146 calories 
N T,—T, 100 
(c) Efficienc m cma Lr 0:268: 
) y, 7 n AE 0.268 


(2) An engine works in a Carnot's cycle between 27°C and 127°C, the work output per cycle 
is 300 Kgm-metres. Calculate the heat supplied to the engine from the source. 
Let heat supplied = Q calories. 


" AT 
S = Q= 
ince Ww Q T' 
expressed in ergs, 300 x 1000 x 100 x 981 = Q x 4.2 x 107 x 100/400 
or ' Q = 7803 calories. 
ENTROPY 


In order to make a more thorough understanding of the Second Law, it is necessary 
to introduce another thermodynamic function, entropy. We shall first attempt to 
follow the steps which lead us to the concept of this function. 


IV.26. dq is not a Perfect Differential but dg/T is a Perfect Differential. We have 
Seen in Sec. IV-7, that the amount of heat dq absorbed or evolved during the change 
Of a system from one given state to another given state depends on the way the 
change of the system is carried out, i.e., dq depends on the path of the transforma- 
tion. Therefore dq cannot be a perfect differential. To illustrate : 

(i) Suppose a quantity of a perfect gas (say 1 mole) undergoes a reversible 
expansion from volume V, to Va when the temperature changes from T; to T}. 
From the first law, 

dq = dU + PdV 


H IH H Ta Va 
or f dq i| dU 4- pay =| CydT ral RTd InV . .» (IV.44) 
if I Tı Vi 


1 
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Hu Vs 
or dq = Cy(T,—T,) +f RTd Inv 
1 Vi 
Vs 
The integral on the right-hand side, RTdinV cannot be evaluated unless we 
Vi 


know the relation between T and V. If T be constant (i.e., isothermal change), 
the integral will have one value, and if T changes during the process, the integral 
D 

will have different values. Thus the magnitude of | dq depends on the way the 
i 

expansion is carried out. 
Now, dividing the equation (IV. 44) by T, we have 

D T Ve 
cuente Raby E OH T 235 
I g T T Y Tı 


V, 
A 


1 


That is the f 9 for a given change from state I to state II can be evaluated without 
any reference to the path of the transformation. Hence | z is independent of the 


way the change is carried out though [ dg is not. It is to be remembered that the 


heat-change dq takes place in a reversible way. 4 


(i) We can also arrive at this conclusion in 
other ways. Consider a Carnot cycle as represented 
in Fig. IV.14. in which ab and cd are the isothermals 
at temperatures T, and T, ; bc and da are the adia- 
batic stages. Let dq, be the heat supplied to the work- 
ing system at T, and dq, be the heat rejected by 
it to the sink at T;. All steps are reversible. We know, 
in a Carnot cycle, 


dq,—dq, — eu cR _ dh 
z v= days ae RIO Lm c. (IV.45) 
Fic. Naas Carnot's (dq, is negative as it is rejected by the System). 


fine our attention only to the change of the system from the 
as d EORR Un emia attempt to find out the ratio of the heat-change to the 
jeaneratare at which the thermal change occurs. We can proceed from a to c 
i dc. 
ed OLE Ue Lee ae have the isothermal ab, when heat-change dq, takes 
place at T;, followed by adiabatic change bc having no heat-change. Hence, 
heat-change _ dd; MS dq, 
temp. Zi ri Tj 
adc, we have the adiabatic ad having no thermal change, but 
Meudon dc, remembering reversibility, heat absorbed would be dq; 
at temperature Ta. Hence, 
heat-change s dqa E dg, 
temp. T, Ts 
da, _ ds 
But we know, TS 


ff 
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That is, the ratio of the heat change to the temperature, caf is the same whatever 


dq 


may be the path followed by the system in its reversible change. Hence T is a 
perfect differential. 


IV.27. Definition of Entropy. The heat-change dq and the temperature T are 
thermodynamic quantities. Therefore, we can say that the system has a thermody- 


namic function whose change, measured by e is independent of the path of the 


transformation of the system. This function has been called entropy by Clausius 
and is denoted by the symbol S. Its change dS is measured by the ratio of the heat- 
change and the temperature at which the heat-change occurs, i.e., 


_ Wrev 
ds = he .. . QN46) 


If the heat-change takes place at different temperatures, then 


. dn , dn , dts — y ddr 
dS cpu Emm 


or [a= fo 


We can now say : 
(i) Entropy S is a thermodynamic function whose magnitude depends only 
on the parameters of the system and can be expressed in terms of (P,V,T). 


(ii) The entropy-change dS is a perfect differential. Its value depends only 
on the initial and final states of the system, independent of the path of the 
change. The entropy-change is measured by the reversible heat-change 
of the system divided by the temperature in absolute scale, i.e., dS = dq/T. 


(iii) Absorption of heat increases the entropy of the system. The rejection of 
heat by the system leads to a decrease in its entropy. During adiabatic 
changes, (dq = 0), the entropy-change is zero. The abiabatic changes 
are called iso-entropic changes. 


. IV.28. Entropy-change in a Carnot Cycle. Let us return to the Carnot cycle 
(Fig. IV.14). We have seen, in equation IV.45, that 
dq, _ dh. dq, —dd _ 
Te eT ko nto zuo 


where dq, is the heat received from the source and dg, is the heat given up to the 
Sink, Hence —dq, means heat absorbed. We can then rewrite the above relation as 


dq ; dd _ 
TAL Um m2 ... (IV.47) 
where dq-terms stand for heat-changes containing their own signs. 
Along the adiabatic steps bc and da heat-changes do not occur. So the sum 
total of entropy-changes for the entire Carnot's cyclic process is 


sas = + Ht = 0 


The integral sign § denotes the summation over the complete cycle. Hence, 
the net increase in entropy in a Carnot’s cycle is zero: All the steps are reversible, 
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IV.29. Change of Entropy in any Reversible Cycle. Consider a system undergoing 
a reversible change along the path ab in the P-V indicator diagram (Fig. IV.16). 
Let us confine our attention to an infinitesimal 
change LM in the path ab. This small change may 
be supposed to be composed of an isothermal change 
LN followed by an adiabatic change NM. In this way, 
the entire change ab may be regarded as composed of 
alternate isothermal and adiabatic changes. 


Now suppose we have a reversible cyclic process, 
not necessarily a Carnot's cycle, represented by abcd 
in Fig. IV.17 We may regard the changes abc as well 
as cda consisting of large number of infinitesimal 
isothermals followed by adiabatics. The adiabatics 

Fic. IV. 16 along abc may be joined to those along cda This would 
turn the complete cyclic process into a large number of Carnot's cycles. Take any 
one of the Carnot's cycles, say pqrs, where pq and rs are the isothermals with heat- 
changes, dq, at T, and dq, at T; respectively. The heat-changes along the adiabatics 
qr and ps are nil. 


v— 


V— 
Fic. IV.17 
Then, for the Carnot's cycle pgrs, we have, 


dq, dq, 
DAN T 


for other Carnot's cycles, similarly, 


anus duorg dn. dp 


i — — 0; and so on. 
Ti 77 Tj T; 
Hence for the complete reversible cyclic process, 
dg. d ce dg N 
nup erf — 0 
$ dS — 0. ... (IV.48) 


i.e., In any reversible cyclic process, the net increase in entropy of the system is zero. 


IV.30. Entropy-change of the Universe. When we speak of the entropy change 
of a cyclic process, we consider only the working system but do not take into 
account the entropy-changes in the source and the sink or the surroundings. When 
heat-transfer takes place, the surroundings also gain or lose heat and so their 
entropies also change. The total entropy-change which would cover the entropy- 
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changes in the working system as also in the surroundings is named the entropy- 
change of the universe. Hence the entropy-change of the universe, 


AS = ASsystem nr ANSsurroundings 


Let us consider the Carnot's reversible cycle (Fig. IV.12), in which the surround- 
ings are the source and the sink. Now, 


the loss of entropy of the source — a 
y 1 


the gain of entropy of the sink = A 
2 


Net entropy-change of the surroundings, 


d di 
ASsurroundings = es qr ae =0 (eqn. IV.47) 


(dq-terms include their own signs). 
We already know, ASsysten = 0 
ig A Saniverse = A Ssystem ap ANS surroundings =) 
The net entropy change in a reversible cyclic process is zero. 


_ Again, the net entropy-change of the universe for a single reversible process 
is also zero. When the source supplies heat dq, to the engine, reversibly, 


the increase of entropy of the engine = a 
1 
the loss of entropy of the source = dn 
1 


That is, the net entropy change is nil. —— | 
The same result is obtained when the engine rejects heat to the sink. 


IV.31. Entropy-change and Irreversible Processes. The entropy-change of a system 
in passing from a given state I to a given state II is always the same and is indepen- 
dent of the way in which the system changes, since entropy is a function of the 
state only. It is immaterial whether the path of transformation is reversible or 
Irreversible ; the entropy-change will be the same between two given states. Only 
if the path is reversible, we know the entropy-change would be given by 


U 
AS = Su—Sr uf T 
i 


Hence in order to compute the entropy-change of a system in an irreversible 
Process, we may conceive of taking the system from state I to state II along any 
reversible path and then divide the heat 
sesorbed by the system at each point by 
the temperature of the system and summ- 
ing up the quotients. Any reversible path 
Will do since AS will be same for all rever- 
sible paths. 

Let us now consider some irreversible 
processes. 

(a) An irreversible cyclic process. 
Consider a cyclic process, similar to that 
of carnot cycle, in which one or more of 
its stages are performed irreversibly. Let 
ABCD denote the cycle in Fig. IV.18, in 
Yuan AB and CD are the isothermal 
tages, Let us further suppose, the absorp- 
tion of heat dq,* by the system at temp. CRN 
T, from the source along AB is irreversible. The rest of the stages are carried out 
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reversibly. The asterisk (*) would indicate the irreversibility, otherwise the trans- 
formation is reversible. The heat dg, is given up to the sink at temp. T, along CD. 

This is an irreversible cycle and hence the efficiency of the engine is less than 
that of the Carnot cycle, or, 


dq*—dq, | Ty—T, dq, da*. g SG) 
dq,* 38 T, E T, Ti a 
When the cycle is completed, the engine has returned to its initial state, 
A A System =0 


Now consider the surroundings and find out the g/T terms. 


— * 
It is A for the source and dd. for the sink. 
T, T, 


, TM NOT a on (Dereat 

Hence, for the surroundings, » T Ta T which is, from (1), g 
than zero, i.e., positive. 

The heat-change of the sink is reversible. The heat dq,* from the source was 
taken by the system irreversibly. The source has lost dq,* and its entropy has 
decreased. The entropy-change of the source from A >B would be evaluated as 
Stated earlier by supposing the loss of heat dq, occurred reversibly and consequently 
ASsource = —dq,*/T,. 

dq,  dq,* 
Or, b pt a OBE 
we can say, AS. 7, 7, 2-0 
In this irreversible Cyclic process, therefore 
ASauniv. E A System zh ASsur. =0 + ZNiSsurr. 0. 
In an irreversible cyclic process, there would occur a net increase in entropy. 


Next Consider a general cyclic process involving an irreversible step. We 
know in a reversible Cyclic process, 


d dq; a 
eds 0, (dq-terms involve their own signs) 
Re rT 

B d 

i.e., $ T = 0 (reversible) 


In an irreversible cycle, 
Wy + dq, < T,—T, 
dq, 


1 


dq, dq, 
hence T, a T, <0 


This is often referred to as Clausius inequality, 


Let achda be the cyclic process in which 
the change acb is irreversible. But the transfor- 
mation bda is completed by a reversible path. 
[Fig. IV.19]. 


We can then say. 2 * a 
T m a =O 

a b 

Since heat dq* is absorbed irreversibly, the 


b * 
magnitude of J u will depend on the path 
a 


: a 
and hence indefinite. But Í T which relates 
b 
to a reversible change bda and is definite and 
Fic. IV.19 is equal to entropy-change, Sg—Sp. 


| 
| 
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b * 
or So—Sa — Í — 0 
, a 
Now So—Sa is the entropy-change of the system in the irreversible change 
b 
* 
acb, and it is greater than | ae 
a 


The question now arises that what would be the entropy-change of the sur- 
roundings in the irreversible path acb. For this, let us restore the surroundings 
to its original state from b to a by adding dq* heat reversibly at appropriate tem- 
perature. The entropy-change in the surroundings along bca then would be 


^ dq* d le dq* 
xi EE "T 
b a 
The rest of the cyclic process is reversible and hence the entropy-changes for 
surroundings and system there are equal and opposite. 
Thus for the irreversible process ach, 


ASsystem 2 So—Sa 


b 
dgq* 
ASsurr = =H EA 


a 


b 
dq* t 
A Suniverse Sy—Sa— Í TUN +-ve quantity. 


Hence, in any irreversible process, or in an irreversible cycle there would be a 
net increase in the entropy of the system and surroundings. 
We can say, for an irreversible process, 


ASuniy. = ANSsystem. + ASsur, > 0 
It is easy to see that during an irreversible process the entropy of an isolated 


. System will also always increase. 


For an irreversible process we have seen, 


ASsystem D ASsurr. > 0. 
ü Since the system is isolated i.e., thermally insulated from the surroundings, 
€ latter will have no change in entropy i.e., AS,,;, = 0. Hence 
A Ssystem => 10: 


. , That is, in an irreversible adiabatic transformation, the system will increase 
In its entropy. 


l (b) Irreversible flow of heat. Let a heat resorvoir at temperature T, be brought 
In contact with a second resorvoir at a lower temperature, say at 75. A small 
quantity of heat, say q, passes irreversibly from A to B. 

The decrease in entropy of A = q/T, 

The increase in entropy of B = q/T; i 
de T1 
quide qup 
The irreversible flow of heat leads to an increase in entropy. 


2 


net entropy-change — $ -+ ve quantity. 
2 
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We can also devise a reversible method for transferring q heat from A to B in a reversible 
way and then evaluate therefrom the entropy-change. Take an ideal gas in a cylinder and keep it 
with the hot reservoir at T, and reversibly q heat is taken up. [For simplicity we presume that the 
heat reservoirs have large heat capacities so that heat-change q scarcely affects their temperatures.] 
The gas is then removed from A and allowed to expand reversibly and adiabatically until its 
temperature is Ta. It is then brought in contact with reservoir B and compressed isothermally 
till g heat is given to B. : 


The net entropy-change of the two reservoirs = z -2 which is the same as before and 
3 1 
positive. 
The net entropy change of the gas-system = E = E hence —ve. 
1 Li 


The total entropy-change of the gas and reservoirs together is nil, for the whole is a com 
pletely reversible cyclic process. , 


.. (€) Irreversible free expansion of an ideal gas. Suppose n gm moles of an 
ideal gas expands at temp T freely from volume v, to volume v;. It is free expansion, 


tes ihe ee d 
no work is involved, no heat flows into the gas in this process. So, T cannot be 


directly obtained. The entropy-change in the process has to be computed by 
devising a reversible process between the two given states. Since in the actual 
process temperature remained unaltered, let us consider the reversible isothermal 
expansion of the gas from volume v, to volume v; and find out the entropy-change 
therefrom. From the 1st Law, 


grey, = du + dw = 0 -- nRT In = 
1 


d 
ds — E = nRin 
Ui 
Since v2>r, ds is positive ; the entropy of the gas in its free expansion would 
increase. 


. Entropy and the Second Law. We are thus led to believe that in every irrever- 
sible process if we sum up all the entropy-changes in the different parts of the 
system and the surroundings, there would be a net rise in the total entropy. In 
nature, the processes occurring sporitaneously are all irreversible. Therefore, 
broadly speaking the spontaneous changes in nature would always cause entropy- 
increase. Thus, the fall of an apple from a tree, the flowing of a river downhill, 
the rusting of iron, the mixing of two gases and so on, are all spontaneous and 
irreversible changes and these would add to an increase in entropy. -In other words, 
we may say, a natural process will take place in a direction in which the entropy 
would increase ; or, a process which would not raise the entropy of the universe, 
will not spontaneously occur. However, in all such changes the energy may be 
transformed but the total quantity remains constant. This is why the two laws of 
thermodynamics are often stated as, 


(a) First Law : The net energy. of the universe remains constant. 
(b) Second Law : The net entropy of the universe tends to a maximum. 


IV.32. Entropy and the Available work. A little reflection would reveal that with 
the progress of an irreversible process, the possibility of obtaining work from a 
system diminishes. ; 

Suppose there are three heat reservoirs at high temperatures 7;, T, and T3 
such that 7,7 T, Ts. There is also another heat reservoir, the sink, at a lower 
temperature T (say, room temperature). Let there be a reversible engine working 


$ 
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between the Ist reservoir at T, and the sink at T and let the quantity of heat supplied 
to the engine from the source at T, be Q. Then we know that the maximum work 


available would be, 
yh 
W,-—9 [1] 


Reservoirs 
SQ 
I Ti 


Sink 


TID), ods 


Fic. 1V.20 


Let us imagine next that the heat Q have flown down irreversibly from the 
Ist reservoir at T, to the second reservoir at T, by conduction or radiation before 
being received by the engine. Now, suppose we engage a. reversible engine to work 
between the second reservoir and the sink and let the engine receive the same heat 
Q from this source. The maximum work available would be, 


in 
w.-o[1-7] 
Similarly, if the heat Q flows down irreversibly to the third reservoir at T; and then 
supplied to a reversible engine as before, the maximum available work would be 


T 
w= 2 [1-7] 
The amount of work available from the same quantity of heat supplied are different. 
ince T, > T, > T;, we have W; > Wz > Ws. 
This means that the lower the temperature of the reservoir to which the 
àmount of heat Q would irreversibly flow, the lesser would be the yield of work. 
If in this way the same heat Q flows down to a reservoir at T (the same as that of 


the sink), the available work, [ w=@Q ( 1 -i) if would be nil. Though the 


quantity of heat Q remains the same, yet due to its irreversible transfer from the 
igher to the lower temperature, its potentiality of being converted into work is 
diminished or degraded. This is why the first law is often called as the law of 
Conservation of energy and the second law as the law of degradation of energy. 
_ Let us come back to the question of the availability of work. Due to irrever- 
Sible flow of heat from T, to T, the decrease in the amount of available work, 
Tel, 


AW = W.-W, = Q [5-2] = QT (a + ve quantity) 


By substitution, AW = TAS. 
13 


\ 
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That is, the energy rendered unavailable as work is proportional to the entropy- 
increase. The higher the level of entropy, the lesser would be the availability of 
work. The entropy-rise is a measure of the unavailable work. 


IV.33. The Physical Concept of Entropy. That a system left to itself will gradually 
pass into a state of equilibrium is our common experience. The state of equilibrium 
really means a state of maximum disorder or chaos. For example, if we let loose 
a quantity of yellowish green chlorine gas at a corner of the floor of the room, 
the gas though heavy would spread in all directions until it would be most chaoti- 
cally distributed in the entire room and the equilibrium would be reached. Exactly 
similar are the processes when a syrup gets diluted by diffusion in the water added 
to it or the red hot end of a poker distributes its heat and raises the tempera- 
ture of the entire rod. Again if we arrange a number of red and black balls on a 
tray in a particular pattern and then shake the tray the balls would mix up in the 
most disordered fashion. These are all natural processes and never we find the 
opposite to happen in nature. Moreover, these processes which always have a 
tendency to attain the state of equilibrium are irreversible and thus lead to entropy- 
increase. The more a system approaches equilibrium, the greater is the disorder 
and irreversibility and when equilibrium is reached, it has the maximum disorder. 
The entropy also goes on increasing and reaches its maximum value at the equili- 
brium state. In other words, entropy is a measure of the disorder of the system 
or it may be called a measure of the mixed-up-ness of the system. 


Conversely, when we attempt to bring order to a system 
entropy diminishes. Suppose we have a gas in equilibrium con- 
fined in a cylinder with a piston. The piston is now somewhat 
raised upwards increasing the volume slightly. All the molecules, 
in whatever direction those might be moving, are subjected now 
to a tendency of motion in the direction of the piston. This is 
indirectly an attempt to bring some order. In consequence the 
gas is cooled and the entropy decreases. In the crystalline state 


of pure substances the entropy becomes the least as there is perfect 
Fic. IV.21. order or least choas. 


. . When a solid melts, the allowed molecular positions increase and there is an 
increase in disorder or chaos. Hence, there would be an increase in entropy. 


The disorder increases further when liquid vaporises for the same reason, Thus, 
we see, ; 


(a) in the liquefaction of benzene : C,H, (s) > CH, (/) 


_ Ly _ x 303 
AS T m 278.3 = 8.4 e.u. 


and (b) in the vaporisation of benzene : C,H, (/) — C,H, (g) 


Ly 178x943 


AS T 35833 — 20.8 e.u. 


In both the cases, there is an increase in entropy. 


We have seen, in the previous section, that the amount of the available work 
from a given heat-source diminishes with the fall in temperature of the source. 
When the source and the sink are in thermal equilibrium (i.e., same temperature), 
the entropy increases to the maximum but the available work becomes nil. In 
other words, the more the source is run down the greater becomes the entropy. ' 
Again, if we take a voltaic cell, we can obtain electrical work so long as there is a 
potential difference between the two electrodes. If the two electrodes are brought 
to the same potential, the entropy would increase but the cell would be completely 
run down and would yield no work. This is why the entropy has been considered 
by Tolman as a measure of the rundown-ness of a system. 
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IV.34. The Entropy of a Perfect Gas. It is possible to express the entropy of a 
perfect gas now from the first law. We know, dq = dU + PdV. 
Dividing both sides by T, we have 


dq dU , Pav dT , ,dV 


T quu i Cy T HR y (for 1 gm-mole) 
or dS = Cydln T + Rdinv 
or S = CyInT -- RINV+S, o. (IV.48) 


[Where So is a constant ; heat-capacities assumed to remain unaltered.] 


Since Cp—Cy = Rfora perfect gas, so 
S = (Cp—R)nT + Rin Ha S, 


or S = Cpln T—R InP + Sy! ... (IV.49) 


It must be noted here that the value of the constant So or So’ cannot be 
obtained from the thermal capacities or the parameters alone. As such, we cannot 
ascertain the absolute value of the entropy of a perfect gas from classical thermody- 
namics. But the changes in entropy can be easily determined. Thus, if the tem- 
perature of a gas changes from T, io T; and volume from V, to V, then, for one 
gm-mole of the gas, 


S, = CylnT, + Rin V, + S 
S, = Cyln T, + R In V, + So 


T Ve 
= L4 TI soe 50, 
AS Cyln 0n* Rin y, (LV.50) 


If the change be an isothermal one, then, 


= RR net 
AS = Ring? = Ring. 


Real gases : 1f we take a real gas, say a van der Waals’ gas, then in its first 
approximation ; 


RT 
D UTE 
So, from the Fi st dq _ dU P 
irst Law, T^ ptg 
d 
or dS = C, T HE EdV (for 1 gm-mole) 


Assuming Cy to remain constant, 


S = CyIn T + RIn(V—b) + So" 
Hence Ea T; y,—b 
AS = Crn + Rin > 


IS Changes in Entropy in some simple processes. The changes in entropy in 
Vessel Processes can be easily calculated as the following examples would 


. @ Calculate the change in entropy when 10 gms. of tin are heated from 20°C to 300°C. 
PED Per gram of tin, latent heat of fusion — 14 calories, sp. heats of solid and liquid tin 0,055 
and 0,064 respectively ; melting point of tin = 232°C, 


ERE 
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(i) Entropy-change in heating 10 gms. of tin from 20°C to 232°C (m.pt), 


505 dT 505 
AS, = f mez = 10 x 0.055 In —- = 0.2994. 
93 T 293 


(ii) entropy-change in the fusion of tin, 


— Aq 10x14 _ 9 
CR, IMMER: í 


(iii) entropy-change in heating liquid tin from 232°C to 300°C, 


573 573 dT 
AS; = I bas f 10 x 0.064 — = 0.081 
05 505 


The total entropy-change, therefore, 

AS, + AS + AS, = 0.2994 + 0.28 + 0.081 = 0.6604 cals per degree C. 

(b) Find the increase in the molar entropy of copper when it is heated from 127°C. to 927°C. 
The molar sp. heat of copper is given by Cp = 6.2 + 0.0017T 


ed fe a op EIL uu 


. 400 T 400 T 
= 62 In (200 -+ 0.0017 (1200—400) = 9.77 calories per degree C. 
400 


(c) Given, specific heat of liquid water = 4180 joules per kg., specific heat of water vapour = 
(1670 + 0.49T) joules per Kg. and latent heat of vaporisation = 23 x 10° joules per Kg., compute 
the change in entropy when 100 Kgs. of water at 27°C are converted into superheated steam at 
200°C under constant atmospheric pressure. 


(i) The entropy-change in heating water from 27°C to 100°C, 
373 373 " 
AS, — 100 CpdiiT = 100 x 4180 x 2303 log [= = 91082.2 joules/degree C. 
3 


(ii) the entropy-change in vaporisation, 
23 x 105 


AS: = 100 x = 6.2 x 105 joules/degree C. 


(iii) the entropy-change in heating steam from 100°C to 200°C, 


43 dT 413 
AS 100 f c, = 100 f (1670 + 0.497) yp 
373 373 T 


= 100 x 1670 In m + 0.49 x 100 x (473 —373) = 39696 joules/degree C- 


Total entropy-change = 91082.2 + 6.2 x 10° + 39696 = 7.5 x 105 joules per degree C. 


Mixtures of Gases. When two or more gases are brought in contact, they 
immediately diffuse into one another and mix up irreversibly. Such a spontaneous 
irreversible process would lead to an increase in entropy. It is possible to derive 
for such a mixture an expression of the entropy-change, if the gases be ideal. 


Let x4 and xg gm-moles of two gases A and B are mixed at a constant tem- 
perature T under a constant pressure P. Before mixing, their entropies are 


Sa = x4 [Cp4 InT—RInP + Ss] 
Sp = xp [Cpp InT—R InP + Sop) 
After mixing, the final pressure remaining constant, the partial pressures of A 


and B may be denoted by P4 and Pg such that P = P4 + Pg. The entropies 
of the two gases in the mixture are 


Sam = X4 [Cpa InT —R InP4 + Sogl 
Sp, = xn [Cpg InT—R InPg + Sog]. 
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The entropy-change, ASm = Sa,, + Sg,— Sa — SB 


P. P 
= —x4RIn Pa xgR In P 
The total amount of the mixture is x4 + xg and the mol-fractions of the compo- 
XA XB 

nents are ng = 

go xa c Xp. 2 Xa + Xp 

P Ip 

n4 = A and ng = 23 

Hence entropy-change per mole of the mixture 
AS xA pin Ps _*8__ guo P2 


Xa + Xp P ^ X4-FXa TP. 
= —n4 Rinng —ngR In ng 
[ Since n4 and ng are less than unity, AS is always positive.] 
If a number of gases are mixed, then the entropy-change per mole of the mixture 
may be given by, 
AS = —Rininn 
n being the mole-fraction of the species i. 


Problem : At N.T.P., 2.8 litres of oxygen were mixed with 19.6 litres of Hydrogen: Calculate 
the increase in entropy. 


2.8 
8 li > =—= c le. 
2.8 litres of oxygen 224 1 gm. mole. 


19.6 litres of hydrogen — A = i gm. mole ; Total = 1 gm. mole. 
Hence mol-fraction of O, = 3, mol-fraction of Hs = 4. 
^. The entropy-change = — à R In à — & Rin = 0.754 calories/degree. 


IV.36. Entropy and Probability. In statistical considerations, the thermodynamic 
probability of a system means the maximum number of different ways in which a 
system in a given state may exist. To illustrate, let us take a simple case. 

. Let there be four points p, q, r and s distributed in two cells x and y. The 
distribution may have five complexions (or macrostates), as 


i.e., in all five possible states. : 
If we select any one of these states, say the distribution 2 and 2, then the 
Possible ways of their distribution between the two cells would be, 


(the internal arrangement within any cell is ignored 3) 


Hence there are as many as six different ways (or microstates) in the given state 
Of the system. The thermodynamic probability is thus ascertained. When the 
number of points is large as in the case of molecules in a volume of gas, the magni- 
tude of the thermodynamic probability also becomes enormous. i x 
Now we know, a system left to itself passes into a state of equilibrium. This 
really means attainment of maximum chaos or disorder which occurs when the 
molecules are distributed in maximum possible ways, i.e., when the thermodynamic 
probability is maximum. In other words, the thermodynamic probability is a 
measure of the disorder in the system. But we have seen, in Sec. 1V.33, that 


Ce oe TERR ER 
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entropy of the system is a measure of the molecular disorder. We are thus led to the 
conclusion that the entropy S of a system is related to its thermodynamic proba- 
bility W (Boltzmann), as, 

S — fav) 


Now suppose we have two systems A and B with entropies S4 and Sp and proba- 
bilities W4 and Wp. If the two systems are combined as one system then 


the total entropy, S = S44 Sp 
and the net probability, W = W, x Wg 
Hence, Sa + Sg = f(W) = W1 x Ws) 


Such a relation is permitted only when S is a logarithmic function of W. 
Planck suggested that the entropy should be related to the probability as 
S=kĦnW 2s. (IV.51) 
where k is the Boltzmann constant and equal to R/N,. j 
Now, let us take a rectangular box of volume V with a partition wall X which ` 
may be placed anywhere within so as to divide the box into two parts, V4 and 
(V—V4). Suppose that there is a single molecule of an ideal gas present in the box. 
The probability of the molecule to be found in the volume V4 at any given instant 
is obviously V4/V. Then, 
if the partition-wall coincides with the 
s Volume- V boundary 1 (i.e., V4 = 0) the probability 
iX will also be zero ; : 
if the partition-wall be at the middle 
(Le, V4 = V[2) the probability would 
I bed; 


V—Va ; 
if the partition-wall coincides with the 
boundary II (i.e., V4 = V), then the proba- 
bility would be one, i.e., a certainity. | 

If the box contain two molecules in- 
: stead of one, the probability of finding 
both the molecules in V4 would be (V4/V)* and if there be p molecules in the 
box, the probability is (V4/V)?. 


Now suppose we take a gm.-mole of a perfect gas in the box, the probability 
of having all the molecules in V4 is 


1 
[ 
i 
1 
LU 
i} 


W. = Va No 
A=\|7 , where Ny = Avogadro number. 
In such a case if the partition be removed altogether, the probability of finding 
all the molecules in volume V is unity, i.e., W = 1. 
_ ( VAM Wa | Va 
, Hence w=(7) , Or In y, — No "y 
or multiplying both sides by Boltzmann constant, k 
Wa _ Vi Va 
k In = k No In y —Rin y 


If S and S denote the entropy of the gas in volume V4 and V, then applying 
equation (IV.51), we have 


AS = S—S, = kln W—k In W4 
: W 
= kin W, 
E. V 
KS) = RAS 


This is exactly the entropy-change in the expansion of a gas from volume V4 
to V, as deduced previously in Sec. IV.34. It, therefore, justifies the proposed 
relation between entropy and probability, 


S —kinW. 
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FREE ENERGY FUNCTIONS : MAXWELL RELATIONS 


Besides the parameters of a system (P, V, T), we have so far considered only three 
thermodynamic functions, namely, internal energy U, enthalpy H and entropy S. 
Two other functions which are very useful in various physical and chemical studies 
may now be introduced. These are free energy, F, and Gibbs potential or thermo- 
dynamic potential, G. ; 


IV.37. Free Energy and Gibbs Potential. The two functions are defined as 
F = U—TS 2. (IV.52) 
G — H—TS .. . (IV.53) 


We know that AQ = TAS = T.(S,—5;). This means that the product of 
temperature and entropy (T x S) is a quantity of energy and as such it can be 
algebraically added to U or H. 

Again, the magnitudes of U, H, S and T are defined by the states of the system. 
So, the values of F and G will also be defined by the states of the system. Further, 
dF and dG would be perfect differentials. 


Since H = U -- PV, we have also the relation, 
G = U--PV—TS = F+PV ... (IV.54) 
We can now make an attempt to understand the significance of these two 


functions, F and G. Suppose a system changes isothermally and reversibly from 
one state to another, then 

F, = UTS: 

Fy = U;—TS; 
the subscripts i and f denote initial and final states. Then 

AFr = (Uj—U)—T(S;—S)) = AU—T.AS. 
When the process is reversible, TAS = AQ 
} AFr = AU-TAS = AU—AQ = —AW .. . (IV.55) 
or, —AFr = AW, 

where AW is the reversible (hence, maximum) work done by the system. __ 

We can thus say that the thermodynamic function, free energy F, is such 
that its decrease gives the maximum amount of work available during an isothermal 
change of the system from one given state to another. 

We must however remember that ? 

(a) if the change be not isothermal, even then free energy will change but will 
Dot be equivalent to the maximum work. : 

, (b) in the case of an irreversible change, the value of — AF will be the same 
as in a reversible change but the drop in free energy would exceed the output of 
Work, i.e., — AF > AW. 

(c) the decrease of the free energy (— AF ) would be equal to the total yield 
of Work, which may be mechanical or otherwise or partly mechanical and partly 
otherwise. 

The other function, Gibbs potential G, may also be treated similarly, 

G = U+PV-TS 

If a system undergoes an isotherrnal reversible change at a constant pressure, 

from one given state to another, then 
AGpr = AU+P.AV—T.AS = P.AV—AW 

or, —AGpr = AW—P.AV 
The term P. AV denotes the mechanical work involved in the change of the system 
itself. Hence (AW—P.AV) is the amount of work obtained exclusive of the 
mechanical work of the change of the system 


et 
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We can then say that the Gibbs potential G is such a thermodynamic function 
that its decrease during an isothermal isobaric reversible process is equal to the 
network obtained. 


AG = AW—PAV = AW’ (net non-mechanical work) .. . (IV.56) 


As in the previous case, this equality will not hold true in the case of an 
irreversible or a non-isothermal process. 


Confusion in the Nomenclature : It is necessary to mention here the confusion that prevails 
in the literature of thermodynamics regarding the nomenclature of these two functions. The 
quantity *U — TS” has been called free energy by one school of writers, while ‘H — TS’ has been 
named free energy by another school. In consequence, the subsequent derivations have been most 
confusing as the symbol F has been used differently by different schools. We mention here some 
of the expressions and symbols in use. 


U—TS H — TS 

I. Work function, A Free energy, F 
II. Helmholtz function, A Gibbs function, G 
TII. Free energy, F Gibbs potential, G 


We prefer to use in this book the last pair of names and symbols. 


IV.38. Gibb’s Helmholtz Relations. If a closed system undergoes a change, the 
only work involved being mechanical against the pressure, the infinitesimal rever- 
sible changes of F and G would be, 


dF = dU—TdS—SdT = —PdV—SdT e 0V.57) 
dG = dU + PdV + VdP—TdS—SdT = VdP—SdT  ... (IV.58) 

Then, for an isochoric process : 
dFy = —Sd ONTEN . . (1V.59) 

v T OR (57), S 5 ( 
Hence, F =U-TS=U4T (37) . . . (IV.60) 
V 

Again, for an isobaric process : 
dGp = —SaT, or (98 ARS ... (0.61) 
Hence, G-—H-IS-H4 r(% ; 2. . (IV.62) 


These two equations (IV.60 and IV.62), which correlate free energy and Gibbs 
potential with internal energy or enthalpy are commonly known as Gibb's-Helm- 
holtz relations. Such relations may also be derived in other forms. 


Suppose a system undergoes a physical or a chemical change reversibly and 
isothermally from state I to state IL. The states are specified by the function U;, 
Hi, Sy, Fy, Gy, and U2, Ho, Ss, Fo, Gy. The system has a definite mass in equili- 
brium with the external pressure. 

Then, F, = U—TS, and F, = U: TS; 

dn AF = AU—TAS 
From eqn. (IV.59), AS = (S,—S,) 


as oF, a(AF) 
[ arly (57 | == ( od aren ORL) 
O(AF 
Substituting, AF = AU +r (852 2L. (IV.64) 
eT Ivy 
Again, G, = H,—TS, and G, = H,—TS, 


Es AG = AH—TAS 
From eqn. (IV.61), AS = (S,—58j) 
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« as- -(09),] = - (388), vem 


— = a( AG) : 
Substituting, AG — AH+T ( aT js . . . (8-06) 


The pair of equations, (IV.64) and (IV.66), 


A a(AF) 
EUN aU ae or I (1V.67) 
and AG — AH -T (3, 


constitute another form of Gibb's-Helmholtz relations. These relations have very 
useful applications, especially in chemical processes, as will be seen in subsequent 
chapters. 


IV.39. Maxwell’s Relations. Derived from the definitions of thermodynamic 
functions, there are four relations, called Maxwell's relations, which are extensively 
used, particularly for systems in equilibrium. These can be arrived at in the follow- 
ing way. 


We know, U, internal energy 
H = U+PV 
F = U—-TS 
G = H-TS 
Then, 


(a) dU = dQ—dW = TdS—PdvV 

(b dH = dU + PdV + VdP = TdS + VdP 

(c) dF = dU—TdS—SdT = —PdV SdT 

(d) dG = dH—TdS—SdT = VdP—SdT 
Now, from (a) we have 


(i) (gee = Fh, or aU = (57 


oSoV aVis 
NEQU ep Das CORUS Fergie 
(D dy) = — Poh capes te (55), 
Since dU is a perfect differential, so, 
oru. Lf Ob A 
(37). = - (33), Sem (A) 
Again from (b), we find 
E OHNE eH _ (aT 
© (55 n Two eo puc (35), 
AST even cr aH _ (0V 
(ii) (25), V. spas = (55), 
oT oV 
H zp]. = (55 
ences (57), (55 P ME 
Then from (c), we have 
QU rg ele Oi as vano 
(QUE E PE es EC avar = ~ (ar), 
UMEN oe F as 
(ii) (57), =S oc Sry = zio»). 
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9P| — [os e 
Hence, ar), = (8), sare (C) 


Further from (d), we find 
; 0G o?G ( aV 

a>) =F, = 

G) ( 8 jr or = 


P aPaT oT /p 
a aG G (25 
(ii) (22 DO S, or STOP ^ — 2»), 
OW te? qas JI 
So, s "hd (55 T 


The four relations A, B, C and D, grouped together, are 


9 dar). = zs), | 


[] 
e (5). -. (3), “av. 
(iii) (27 c ($7), 
(iv) (27), --(8 T 


IV.40. Criteria of Spontaneity and Conditions of Equilibrium. In a reversible 


change, we have seen, the entropy remains unaltered, while if the change be spon- 
taneous and hence irreversible, the entropy is increased. So, 


(a) for a reversible Change, XZ dS = 0 
(b) for an irreversible change, Z dS > 0 


(a) when the change is reversible dS +dS' = 0 
(b) when the change is irreversible dS +dS' > 0 
Combining the two, we may write, dS -- d$' > 0 

If we further regard the change in the surroundings as reversible and suppose 


the surroundings supply heat dQ reversibly, then dS’ — — ES 


If dU be the internal energy increase of the system and AW be the work done 
by the system, then from the first law, 


ast = 2 dU LA 
Now, dS + dS' > 0 
24 ds = AWS 
or TdS — dU — AW 20 RRRA) 
We must remember that the symbols in this equation refer to the system only. 
We find, eG) 


(i) for a real process to occur in nature, Z4$—dU — AW > 0 
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(ii) for bringing about an infinitesimal reversible change of the system, 
TdS—dU— AW = 0 Uu) 


A system may be said to be in equilibrium when its state does not change in 
any way with time. Any virtual infinitesimal change imagined with a system in 
equilibrium would be a reversible one. We can then assert that for a system in 
equilibrium, the condition (C) would be valid. In other words a system in which 
all conceivable virtual changes satisfy the equation (C) must be stable i.e., in 
equilibrium. 

We can now attempt to simplify this relation by imposing certain restraints. 
Suppose the work done is mechanical (i.e., AW= PdV), then we can rewrite the 
equation, (A) as, 


TdS—dU—PdV > 0 ... (D) 
(a) Now if U and V be constant, then 


dSyy 20 


The inequality sign is for real changes and the equality sign refers to the 
condition of equilibrium. We know entropy goes on increasing as equilibrium is 
approached. Hence, at equilibrium, S becomes maximum and dSy,y = 0 


(b) We know dF = dU—TdS—SdT 
Substituting this in equation (D), we have 
—dF—SdT—PdV > 0 


or dF < —SdT—Pdv 
In an isothermal process, if the system yields no work, 
then dF < 0. 


, That is,-in a real process dF < 0, i.e., free energy diminishes. When equili- 
brium is reached free energy becomes minimum. We can write, 


(i) for a spontaneous change, dFy,r < 0 
(ii) for equilibrium state, dF yr =0 
(c) Weknow dG — dU + PdV + VdP—SdT—TaS 
Substituting this in equation (D), we have 
—dG + VdP—SdT > 0 


or dG < VdP—SdT 
At constant pressure in an isothermal process, 
dG <0 


us That is, in a real process dG < 0 or Gibbs potential diminishes. When equili- 
rium is reached, Gibbs potential is minimum. We can say, 


(i) for a spontaneous change, dGpr < 0 
(ii) for equilibirum state, dGpr = 0 


The criterion of equilibrium is thus, 
dS U,V 
dFyr = 
dGp.r = 


M 


ooo 


... (EV.69) 


204 PHYSICAL CHEMISTRY [ 1V.41 


The possibility of a chemical change 


For a process taking place from a given initial to a final state, AU must be 
the same. From the Ist law, 


for the reversible occurrence, Agrey = AU + AW, 
and for the irreversible occurrence, Adirrey = AU + AWirrev 

We have also seen, AWyrey > AWirrey, hence Ade > Adirrev 

or, for an infinitesimal change, dgrey > dqirrev 

Le,  ddireev — darev < 0 oA) 

Now, by definition, G H—TS U + PV—TS 

or dGr = dU + PdV+VdP—Tds 

or dGr = dq—dW + PdV + VdP—TdS 


Supposing that the work involved is mechanical i.e., measured in pressure-volume 
changes, then dW = PdV 


or dGr = dq + VdP—T4S 


Chemical reactions are often carried out at constant temperature and also 
mostly at constant pressure, hence 


dGpr = dq—TdS 
Now, the spontaneous process would occur in an irreversible fashion, so 
dGpr = dde — TAS = dq — dd, 
[ For, by definition, dS = dgrey/T ] 
Then, from (4) above, dGp,r < 0. 


Il 


. That is, for a process to occur spontaneously, dGp,r < 0. In other words, 
Gibbs potential change (AG) shall be negative in a Spontaneous process. Every 
system tends to attain equilibrium, so G will diminish gradually and at equili- 
brium it will attain the minimum value, i.e., dGp,r = 0 


For a spontaneous process, dGp,r < 0 
and at equilibrium, dG pr = 0. 
The possibility of the spontaneous occurrence of a chemical process is deter- 


mined by ascertaining whether the Gibbs potential change ( AG) is negative for 
the change under the given conditions. Since 


AG = AH-TAS, .. (B) 


the Gibbs potential change can be determined if we can find out the change in 
enthalpy (AH) and the change in entropy (AS) for the reaction. 

The enthalpy change (AH) is obtained from the measurement of the heat 
of reaction or may be computed from the bond energies in the molecules of reac- 
tants and products. 

The entropy-change (AS) is available from the individual entropies of the 
reactants and the resultants or from other measurements such as e.m.f. etc. The 
entropy increases whenever as a result of the reaction the randomness or the extent 
of disorder increases. It is generally true that when a solid reactant gives gaseous 
products, the entropy increases, i.e., AS is positive. Similarly in gaseous reactions 
also, the sign of the entropy-change is determined from the number of resultant 
and reactant molecules. If the number of product molecules be larger, AS will 
be positive. Evidently all dissociation processes are attended with an increase 
jn entropy. 
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The variation of entropy-change with temperature and also the variation 
of enthalpy-change with temperature are not very large. Hence for approximate 
estimations, AH and AS determined at a convenient temperature may be used 
for reactions at other temperatures without an appreciable error. But the change 
in Gibbs potential (AG) varies considerably with temperature. 


From eqn (B) it is evident (i) the more negative AH is the more negative is 
AG and (ii) the more positive AS is the more negative is AG. This shows that 
systems at constant pressure and temperature would try to move to a state of maxi- 
maximum entropy and minimum enthalpy. 


In processes where AH is negative and AS is positive, we have negative values 
for AG. Such processes would occur spontaneously. Many dissociations come 
in this category : 

AH = —ve, AS = + ve, 
© 2NCI, — Nz + 3Cl 
N:O — N + 40, etc. 


Thus, AH for dissociation of N,O is —20000 cal and AS = 18 cal/degree. 
Hence, at 25°C, 


AG = —20000—298 x 18 = —25364 cals. The dissociation would be 
spontaneous. 


In endothermic reactions, AH is positive. The reactions will proceed if 
TAS is positive and greater than AH. For example, in the water-gas reaction, 


C + H:O (g) > CO (g) + H: (8), 
the entropy increases, as the reactant C has least disorder, AS = 32 cal/degree. 
The enthalpy change was found to be +31400 cal. Hence, at 25*G, 
AG = 31400—32 x 298 = + 21864 cals 
But if the temperature be high, say 1200°K, then 
AG = 31400—32 x 1200 = —7000 cals 


Therefore, the reaction will not occur at 298*K but will be spontaneous at 1200* K. 
Incidentally this shows the profound influence of temperature on AG. 


Similarly, in reactions where AH is negative and AS is also negative, the 
Process will be spontaneous if only AZ is numerically greater than TAS. Say, 
in the reaction, 


NH, + HCl — NH,Cl, 
AH is negative and greater than TAS at ordinary temperature. Hence, the 


reaction. But at high temperatures, TAS exceeds AH and so dissociation of 
ammonium chloride would occur. 


SOME SIMPLE APPLICATIONS OF THE THERMODYNAMIC LAWS 
1. HEAT Capacity RELATIONS 
1V.41. Variation of Heat Capacities with Pressure and Volume : 
(i) Cy with V. 


00 Y _ 7( 2S aCy _ r aS 
We know, Cy =( $1.) (or |: or, ay ~ arav 


V 
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From Maxwell relations, 


CHEMISTRY 


9C, _ 0?P 
Hence, 3v = r( ar), 
: oP R 3P 
For an ideal gas, (57 Sm A and (55:),- 0. 
Cy ,. ^u 
ar. (ideal gas) — 0. 
For a real gas (van der Waals), (? + yi) (V—b) = RT. 


1V.41 


28079] 
~ QPOT 


OR V aR a 
aT) = and (al = 0. 
For a real gas, therefore, acy = 0, 
(ii) Cp with P. 
We know, AUR . Cp p OS 
3 OT]. °° op —T3Tap 
From Maxwell’s relations, ar). -(8 or sz), = 
P oT? 
ie T ORE 
OPI or? ! 
EH OV R o?y 
For an ideal gas, ( $7)," Sp and (3), = 0. 


ae (ideal gas) = 0. 


For a real gas (van der Waals), 


RT = Py_ pp + 4 


y D = PV Pb4—. 


Gr) 
aT Jp imc 
QVE R 2a av 
Then, o], PECES ve (5r ) 
ke 
" R 2a 
=~ zT a 
[7-5] 
Es —2aR* 


2a 3a 
T zen RTP | 
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Neglecting the second term, on first approximation, 
9Cp — ( 03V NT a 
ðP S022: ou RT 
Problem : What would be the change in the Cp-value of oxygen when at 27°C, its pressure 


is increased from zero to 50 atmospheres, supposing it behaves as a van der Waals’ gas. Given 
a = 1.36 litre?-atm. 


.. . (LV.70) 


P 
Cp— Cp, = ACp = f 
ò 


_ 2x 1.36 x 50 


= "C082) x 3007 X 24.2 calories per degree per mole 


= 0.44 cals/degree-mole (1 litre-atm. = 24.2 cals). 


IV.42. Heat-capacity Difference, Cp— Cy. 


ðq 8q as 
We have, dq = (x; ae = cde dT 
e have q (sv), a + ($4), ar T (55) av + Cy 
0q Y _ as oV 
"0 (Qr)y-r(iv) i) + & 

EO r n aE 

or Cii Gy = (37), (37), 2. QV.71) 

Applying Maxwell relation, 

_ (aP\ (av 

Ce r(3r) (3r), 2. @V.72) 

Since (2° and ( 22) sate usually positive, Cp is generally greater than 

9T jy OT Je 


Cy in any system. At 0°K, however, Cp = Cy. Besides, when ( 2) — 0, as 
in water at 4?C, Cp — Cy. 


^ av R ðP 
() In an ideal gas, Gr), = p> and Gar = E 


Hence, Cp-Cy — TZ. — R 
(ii) In a van der Waals gas, (? ae D = Yly 
oP R (57) = (Sec. IV.41) 
n) V—b* ôT Je jis Ch 
V2 
GPN MOV 2 Rec VR 
ies eco =7(3), (0), = ge By 
y? 
COURT R 2 R 
RET m d 28 | Y—b' RT _ 2a 
P+) -y y-b y: 
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RT R T 2a 2aP 
> Lae l _2a(V—b) wal | + ery ]- 5 zh en | 
Ye, RIV? 2. (1525) 
(b) Since V = f (P, T), 
oV oV 
= ( — $c 
we have, dV Gr ee (25 Mek 
For a change at constant volume, 3 dP = — (ar) dT 
9P Jr ð 
Eee 
" p). (at), = ar), 
CER c ar. of) 
2 (sr), 7 - (3r),/ (22). 
Substituting this in equation (1V.72),. 
l oV 2 
aV\? yav y? (ar i 
= =" = TIL S HT 
Cp—Cy (Sr), / (5), IAE 
V? V 8P jr 
2 ?yT 
o O ee Os ua a (0V.74) 
e —BIV B 


where a and f signify the usual coefficients of expansion and of compressibility. This 
relation is particularly useful for dealing with condensed systems (eqn 1.19 & 20). 


oW WO cord mo 
«=> (Jr), ms = y (82). 


Problem : Find out (Cp — Cy) value of decane at 27°C, given molar volume 106 c.c. ; the 
coefficient of expansion a = 1 x 10-?, and coefficient of compressibility B = 106 x 10-6 atm. —. 
aVT (1 x 10-2)? x 106 x 300 
TEE 106 x 10-5 
= 300 x .0242 = 7.26 calories 


Cp — Cy = C.c.-atm. 


II. JoULE-THOMSON ErrECT 


IV.43. Joule-Thomson Coefficient. Joule's ex 
of a gas into a vacuum revealed that the 
negligible and would be zero if th 


periment, (Sec. IV.11) in free expansion 
temperature-drop of the system was 
€ gas were ideal. But Joule and Thomson's 
gas from a higher pressure to a lower 
ug revealed a drop in temperature in many 


subsequent experiments on the passage of a 
one through fine orifices of a porous pl 
cases. 

Suppose the volume V, 
pass through a porous barri 


of a gas under a constant pressure P, is allowed to 
er from the region on the left to the region on the 
right where the constant pressure is P». 
The volume of the gas becomes V2. The 
process is made reversible with the slow 
motion of the two frictionless pistons at 
the two ends (Fig. IV.22). The whole 
: System is thermally insulated, such that 
Fic. IV.22 dQ = 0. 
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The work done by the piston on the left = P;V;. 
The work obtained from the system on the right = PV; 


Then, from the first law, AU = —AW =P, V, -PV 
or U—Uu = P,V,—PyVs 

or Uy + PV, = U: PRA 

or - H, = Hy 

or AH =0 


This means that in the adiabatic expansion of a gas through fine orifices the heat- 
content remains unaltered. That is, such adiabatic expansion is also isoenthalpic. 
Nevertheless there is a drop of temperature generally of the outcoming gas and such 
variation of temperature is called Joule-Thomson effect. 

The rate of change in temperature with pressure when enthalpy remains 
constant is called Joule-Thomson Coefficient, 


ar 
a (GP), VTS) 


In such flow through fine orifices, usually the gas runs into lower pressures, 
i.e., dP is negative. Hence p will be positive if dT also is negative, i.e., if temperature 
falls. At ordinary temperatures, most gases cool down in passing to lower pres- 
sures through porous plugs. Hydrogen and Helium, however, at room temperatures - 
become heated instead of cooling, i.e., p is negative. We can explain this in the 
following way. We know, 


oH oH 
dH (3r), Te ($7). 


In an isoenthalpic change like the above, dH — 0, 


s oT 3H JAN ^o tof aH 
a) Pe or). /\ ar), Gp P Jr 


| /aH 
or =— [|2 «or. (LV.76) 
spem 26: Ne S 
: aU | /a(PV) 
Site = UEBER 22 des (Er 2. QV.) 
a > Cp\ OP /r Cp aP Jr 


This relation is obviously applicable both to ideal and also to real gases. 
In the case of an ideal gas, both the terms on the right-hand side separately vanish, 


U X 
for los = 0, and [o = 0, hence p = 0. 
T 


OPEN 
The case of a real gas is different. We can re-write equation (IV.77) as 
BOE C CE Ed 1V.77a) 
«= —4(3r), (3) C D 


In this equation, LUN gas is usually positive, while 9VY for any gas is 
aY jy 3P 


always negative. As a result, the first term is always positive. The magnitude of the 


second term un n il may be negative or may be positive. At low temperatures 
T 


and at low pressures, [57 is negative. Under such conditions both the 
bs : 


14 
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terms in the equation being positive, » has a positive value. That means that 
there would be a cooling of the gas. Even at ordinary temperatures, except for 


Hydrogen and Helium, all other gases show [22 negative at lower pres- 
T 


sures. But at higher pressures E becomes positive so that second term be- 
T 


comes negative and if its value exceeds that of the first term, p becomes negative. . 


At high temperatures all gases have [ oe 29 ] positive, so p is generally negative. 
T 


The cooling effect is observed at relatively low temperatures but if the tem- 
perature be bigh, then instead of cooling the gases become heated, i.e., J-T effect 
p. becomes negative. For every gas there is a temperature where p — 0, when neither 
heating nor cooling of the gas due to passage through fine orifices would occur. 
This is called the ‘inversion temperature T; of the gas. 

We shall first attempt to find a useful expression for p. We have 


as as 
= (sr), 7 * (os), "n 


T Cr as I COE foe 
(from IV.68) = Cara ( à Ze dp = Par ( 22x 
Now dH = dU + PdV + VdP = TdS + VdP 


Substituting dS in this relation, 
ah Cp oV 
dH — r| T - (sr), a | -+ VdP 
In an isoenthalpic change, dH = 0, hence 


CpdTy = T (Gr) dP — VdP 
P 


GT (25), al), = | ; m (LVi19) 


For a van der Waals’ gas, we know 


opo E R af DER 
0T], p 4 (Em 2a RT 2a 


y? e ? V-b y? 
av\ _ RT (V—b) 
So, T ($5). E sepu; h Tuam 
y—-b V° RTV? 
2a(V—b) 
= (V »[ D y 
_ 2a(V —b)* 2a 


RIV! 0e Ugp-b 
Substituting this in equation (IV.79), the Joule-Thomson effect, 


oT 1 
= = R ao o (IV.80 
it va) C RT B ] ie) 
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The knowledge of heat-capacity and the van der Waals' constants would enable 
us to evaluate the Joule-Thomson effect at a given temperature T. 


At high temperatures A < b, hence p is negative. At low temperatures 
2a 


: ul Ee 2a 
RT? b, hence u is positive. For Hydrogen, where ‘a’ is small, Rr even for 
ordinary temperatures is less than ‘b’, so there is heating in Joule-Thomson 
expansion. It must be remembered that in the adiabatic expansion of a gas, there 


is always a cooling effect due to the decrease in the int. energy in the performance 


of work. But in Joule-Thomson effect, cooling will occur only when p is 
positive. 


Putting p = 0, at the inversion temperature 71, we have 


2a 
mao = 0, 
or, j= a ; .. . (LV.81) 


IV.44. Liquefaction of Gases. Systematic researches in liquefaction of gases began 
from 1823 when Faraday succeeded in liquefying all gases which require moderate 
pressure and moderately low temperature for condensation. Some earlier workers, 
however, liquefied gases like ammonia, sulphur dioxide, chlorine, etc., either by 
cooling alone or by compression. Faraday's simple method consisted of heating 
a solid kept at one end of a sealed inverted V-tube, the other end being kept immer- 
sed in a freezing mixture (Fig. IV.23). Though most of the common gases could 


Fic. IV.23. Faraday’s liquefaction of chlorine 


be liquefied by this method, gases like Hydrogen, Nitrogen, Oxygen, etc., resisted 
all attempts at liquefaction. These were then named permanent gases. Meantime, 
iguan S experiments furnished the existence of critical temperature above which 
liquefaction is impossible. Moreover, the discovery of Joule-Thomson cooling 
effect provided another valuable means of attainment of very low tem- 
perature. 

The following Steps are taken in the liquefaction of gases : (7) the gas must 

€ below its critical temperature ; (ii) the pressure must be sufficiently high, 
the lower the temperature less is the required pressure ; (iii) the gas is cooled 
Y Joule-Thomson adiabatic expansion ; (iv) it is also-cooled by performance of 
external work in an engine and (v) the incoming gas is lowered in temperature by 
€ outgoing gas already cooled by expansion. 

In the earlier days, some so called permanent gases were liquefied by the 
method of cascades. The applicability of this method rests on the fact that by 
Svaporation of a liquid under reduced pressure, sufficiently low temperature, 
Which is below the critical temperature of the gas to be liquefied, can be attained, 


— — MÀ — 
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The method was first employed by R. Pictet (1878). As a very good example, the 
liquefaction of oxygen by K. Onnes (1894) may be cited. Methyl chloride (cr. 
temp. 143°C) was easily liquefied at room temperature by application of pressure. 
The liquid methyl chloride was then allowed to flow through the jacket of a con- 
denser (Fig. IV.24), under a reduced pressure and allowed to evaporate lowering 


Water 


g 
z 
[v] 
= 
o 


Fic. TV.24 


the temperature to —90°C. Ethylene gas is made to pass through the inner tube 
of the condenser and is compressed to the liquid state. The liquid ethylene 1s 
made to pass through the annulus of another condenser under reduced pressure 
where it vaporises and lowers the temperature to —160°C, which is below the 
cr. temperature of oxygen and nitrogen. Oxygen (or 
air) is now compressed through the inner tube of 
this last condenser and is liquefied. 

The liquid air evaporation under reduced pre- 
ssure gave the lowest attainable temperature of 
—218°C. So hydrogen and helium, whose critical 
temperatures were much lower, could not be liquefied 
by this process. 

Soon afterwards, Linde in Germany and 
Hampson in England employed Joule-Thomson effect 
to produce cooling. The operating principle of Linde 
process is indicated in Fig. IV.25. The gas is compres- 
sed in a pump (A) and passed through coil (B) immer- 
sed in a refrigerant like liquid ammonia and then 
after further cooling in C, it is forced through a small 
opening E, when it falls to atmospheric pressure. Such 
a J-T adiabatic expansion by itself does not cause much 
loweiing. Forexample, air at 20°C by falling from 
50 to 1 atmosphere suffers a temperature-drop of 12? 
only. The temperature-drop may be increased if the 
gas already cooled is circulated round the incoming 
gas, and this further cooled incoming gas undergoes 
a J-T expansion producing a still lower temperature. 
Repetition of this leads to cumulative cooling effect 
and the gas finally reaches its liquefying temperature. 
The lower the initial temperature, the greater is the 
magnitude of temperature-drop in J-T expansion. 
Fig. IV.25 The process is indeed one of regenerative cooling. 
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The Linde process, though extensively used, is not a very efficient one. Instead 
of wasting the energy of compression by free expansion to atmosphere as in Linde 
process, the Claude process conserves a portion of it by passing a large fraction 
of the gas through an engine X in Fig. IV.26. The work done by the engine helps 
to operate the compressor (A) and the 
power consumption is reduced. In the 
performance of the work in X, the gas 
itself gets cooled to a considerable 
extent. The rest of the process is the 
same as in Linde's. 

The liquefaction of hydrogen and 
helium proved very difficult due to (i) 
their intermolecular forces being very 
small and (ii) their inversion tempera- 
tures and the critical temperatures being 
very low. Dewar (1898) succeeded in 
liquefying hydrogen for the first time 
by applying Linde's principle of regene- 
rative cooling and using liquid air 
(evaporating under reduced pressure) as 
refrigerating agent, when a temperature 
of —200°C was reached. The gas was 
then made to suffer J-T expansion 
through a nozzle E. After a few opera- 
tions, the gas liquefied. Kammerling 
Onnes (1908) liquefied helium following 
a similar process and precooling the gas 
with liquid hydrogen. Helium has a cr. 
temperature of 5.25°K and indeed Onnes 
Succeeded in reaching as low a tempera- 
ture as 0.82°K. K apitza (1934) liquefied 
both hydrogen and helium by using his 
expansion engine’ with loose pistons Fic. IV.26 
Without lubricants. 

When Helium was solidified (Keesom, 1926), the attention of the physicists 
was concentrated on the attainment of still lower temperature. The race towards 
Unattainable zero degree absolute was rendered possible by the discovery of a new 
Principle called adiabatic demagnetisation 6f paramagnetic salts first suggested by 
Debye and by Giauque independently in 1926. - 

Adiabatic Demagnetisation. The entropy of a paramagnetic substance arises 
partly out of thermal and partly out of magnetic properties. If such a substance 
is placed in a magnetic field, the atomic diploes take up or tend to take up a definite 
pattern according to the direction of the field. This arrangement in a definite 
pattern leads to a decrease in entropy. If the substance is now thermally insulated 
and the magnetic field be removed adiabatically, the entropy will not change as 
the adiabatic changes are isoentropic. On demagnetisation, atomic dipoles distri- 
bute randomly causing an increase in magnetic entropy. Since total entropy 1s 
Constant, there will be drop in thermal entropy, and there would be a fall in tem- 
perature. Such cooling by adiabatic demagnetisation is appreciable only when the 
temperature is extremely low, as only in such conditions magnetic entropy appro- 
aches the range of thermal entropy. In fact, paramagnetic substances like Gadolin- 
nium sulphate, ferric ammonium alum etc., are first cooled to 1°K by means 
of evaporating liquid helium. A magnetic field of 30000 gauss is applied. The 
Tise in temperature is counteracted by the conducting gas. When the original tem- 
perature is reached, the gas is pumped out and the salt thermally insulated, The 
field is then switched off and the temperature drops. The lowest temperature 
Teached by this process is 0.003°K. 
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III. CHANGE OF PHASE : CLAPEYRON EQUATION 


IV.45. Clapeyron Equation. Another simple application of the thermodynamic 
relations is in the study of change of phase of substances, such as freezing, vaporisa- 
tion etc. We shall first consider the variation of pressure with temperature in the 
vaporisation of a liquid. 

(a) Let G, and G, be the Gibbs potentials of a liquid and its vapour which are 
in equilibrium in a system at temperature T. Imagine a virtual change of a small 
amount of liquid vaporising at equilibrium. The drop in Gibbs potential of the 
liquid is — AG, and the gain in the same for the vapour is HAG. Since the 
system is in equilibrium, net AG = 0, (eqn. IV.69). 

s — AG; AG, = 0 


or AG, = AG, 


i.e., WAP — S, AT = VAP -S,AT 
or AP E CSS LN AS 
AT t (V; —V4) x (Vi— V) 
; dP TAS G 
i.e., = 


aT TVA A 


where L is the latent heat of the process. 
This is called the Clapeyron Equation. It may also be derived in other Ways. 
(b) From Maxwell’s relations, (1V.68), we have 


(sr), = (=), 


When two phases are in equilibrium, say a solid and aliquid or aliquid and a 
vapour, the vapour pressure is independent of the mass and hence, of the volume 
Therefore, in such cases, we may write, 


aP\ _ oP 
(Gr), = ar 


. . Further, if we consider the latent heat of the change, L 
independent of temperature, we have 


ASN BO = L 
Oe ae AA) 


Gig = AD 
dip mal (aa) pa (LV.82) 
V, and V, being the final and initial volumes of the system. The equation is 
cable to all phase-changes. 


; a8 nearly constant and 


Thus, 
appli- 


The sign of 4 depends on thesigns of Land AV. Thus, if L is positive and 


V, Vi, there would be a rise in pressure with increase in temperature. In the 
evaporation of a liquid these conditions prevail, and as such, the vapour pressure 
increases with rise in temperature. In the melting of à solid, L is positive and 
if Vi Vs, melting temperature would increase with pressure as in the case of 
paraffin. But if Vi Vs, higher pressure will lower the melting temperature, as 
in the case of ice. C d 
This relation would also apply to the transformation of one 
of a solid to another, say a-sulphur to B-sulphur ; L would 
heat of transformation. : 
The Clapeyron-equation (1V.82) may be simplified in the case of vaporisation 
of a substance. In such a case, the relation is, 1 


modification 
of course, mean the 


oP a Gees is (Vg = volume of gas, 
T — T(V,—V))' Vi = volume of liquid). 
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tn 


Since V, < Vg, so approximately, 


op WD MD Bee 
TET: EROL SER TOS 


(for one mole) 


assuming the vapour to behave as a perfect gas. 


or 


1 dP E 
PIT” RP a 1N:83) 
dinP L 
Gr AP . . . (IV.84) 


where L is the latent heat per gm.-mole. 
If we further assume that the latent heat practically remains constant in the 
temperature range T, to To, the integration of this relation gives, 


or 


Le, 


It is needless 


Pi T, 
| din P = b dT 
T 


H i RT? 

nac eia] (1V.85) 
p. Ri aura Ru 

log = —umbz-zl (LV.86) 
£p,— —3BRLT, Ts RE 


to mention that this relation is also applicable to sublimation 


processes where L would be the latent heat of sublimation. 


Problems : (i) Calculate the freezing temperature of water if the pressure be increased by one 
atmosphere. (Latent heat of fusion = 80 cals./gm.) 
From equation (VIII.25), we have 


E AP.T(Vice — Vwater) _ 13:6 x 981 x 76 x 273 x :09 


ND L 
AT  T(Vice— Vwater) 


AT 


ip i —(80 x 42 x 107) UKE: 


(ii) Calculate the specific volume of ether-vapour at its boiling point (35°C). Given 


ap 
L = 86 cals./gm.. 57. 
We know, 


or, 


whence, 


= 27 mm. and density of liquid ether = 0.7 gm./c.c. 
OP L 
aT T(V,—Vj) 


als pst Sate ee 


(273 +5) (ve 


Vgas = 322 c.c. 


ie., the specific volume of ether vapour = 322 c.c. 
(iii) Under what pressure will water boil at 101°C? (I = 536 cals/gm.) 
Using equation (VIII.26) 


Hence, 


: 18 x 5 
LP r-[2 36 


2x3» x 760 x | mm. = 27 mm. 


water would boil at 101^C at 787 mm. pressurc. 


(iv) The densities of a-and f-sulphur are 2.00 and 1.95 respectively at their transition tempera- 
ture, 96°C. The transition temperature changes by 0.036° for every atmosphere rise in pressure. 


Find out the heat of transition. 


AP AH 
AT TV Va) 


AP l 2 +9 ]eem 
OU MAH AT T(Vg- V) = 0.036 x ¢ 195 200] 7 S 


= 3,16 calories per gm. 
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IV.46. Trouton's Rule. From equation (IV.84), we have, for the vaporisation of 
a liquid, 


nip 3 + C, (for 1 gm-mole) <.. (IV.87) 


If we consider the liquids at their boiling temperatures Tp, then the pressure 
P will be one atmosphere (i.e., P = 1). 
or: Nm R.C, — C (constant). 
To 
where L is the molar latent heat of vaporisation. 


Trouton had made this important generalisation from experimental observa- 
tions and stated that the ratio of the molar heat of vaporisation to the boiling tempera- 
ture is a constant for simple or non-associated liquids and the constant is approxima- 
tely 21. In other words, the molar entropy-change on vaporisation at the boiling 
temperature is constant. In Table A below are given the entropy-changes for 
some liquids at their boiling-temperatures. 


TABLE A : MOLAR ENTROPY-CHANGES OF VAPORISATION 


Substance 


B.Pt. (°C) T Substance B.Pt. (C) 


n-Hexane 68.7 20.28 Hydrogen bromide E167. 21.0 
n-Heptane 98.4 20.61 Hydrogen fluoride 104 16.0 
n-Octane 125.6 20.96 | Oxygen —183 
Benzene 80.1 20.81 Nitrogen —196 17.3 
Toluene 110.6 20.85 Hydrogen —257 


o-Xylene 144.4 21.07 Water 100 28.7 
m-Xylene 139.0 21.10 | Ammonia 38 24.2 
p-Xylene 138.4 20.95 Zinc 907 23.5 
Carbon disulphide 46 21.0 Cadmium 767 22.9 


Hydrogen chloride —85 21.7 Mercury 


357 


It is observed that Trouton's Rule fails for li uids i i 
and also in the case of low-boiling or high-boiling OR Ree A e 
Trouton's Rule and suggested that molar entropy-changes should be compared 
at temperatures when the vapours are in equal concentrations and not at unit atmos- 
phere. Arbitrarily, the concentration chosen was 0.005 moles per litre, the entropy- 


L : 
change per mole, AS — TO where 7, is the temperature having the aforesaid 
€ 


concentration. Table B gives the values obtained on this basis. 


TABLE B : ENTROPY-CHANGES (HILDEBRAND'S RULE) 


Substance AS = z Substance NS = 

€ 

I € 

Oxygen 27.6 Zinc 264 
Nitrogen 27.6 Cadmium 26.4 
Hexane 27.2 Mercury 26.2 
Benzene 27.4 
Octane 27.6 Alcohol 32.0 
Carbon tetrachloride 27.0 Water 


IV. VAPOUR-PRESSURE EQUATION : CHEMICAL CONSTAN 


TS 


IV.47. Vapour-Pressure Relation. The Clapeyron equation 
obtaining an expression for the vapour pressure of substa 
state—solids or liquids—specially at very low temperatures, 


(IV.82) is used also in 


Nees in the condensed 
At low lemperatures, 
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the vapour pressures are so small that the vapours may be regarded to behave as 
ideal gases. From Kirchhoff’s equation, we have, 


T 
AHrz —AHs zl ACp.dT 
o 


In vaporisation the heat-changes are the latent heats. So, 
T 
Lr—Lo = Í ACp.dT 
o 
or the latent heat at any temperature Jh 
T 
Lr = Lo + Í (Cp, = Cp dT . . . (IV.88) 
f { 


— heat-capacity of the vapour and Cp, = heat-capacity in the con- 


where Cp, 
densed state (solid or liquid). Now, the Clapeyron equation is 
nP _ Lr 
Om ERTE 
Introducing (IV.88), 
T ir 
USE | cnar- | C», dT 
alnP AS g F Pe 
oT RT? 


Integrating, 


n T T T 
E aT dT 
InP = —RT ES f RTE J Crt RT? jj Cr dT +Z, 
0 0 0 0 
(Z, is a constant) .. . (IV.89) 


e assume ideal behaviour for the vapour and if the vapour be mona- 


Now, if w n : 
e in the case of metals especially), we have Cp, = (5/2) R. Then, 


tomic, (which is tru 


To [T 
ae g a | UE Cp dT + Zi 
à 
1 4 P. 
or InP = —— spins | Cp aT | Star +z, 


T T 

1 1 

_ 4a. anri gr] Gumi] Cp In T + Zi 
0 0 

... (1V.90) 


Expressing the pressure in atmospheres and converting into Briggsian logarithms, 


L f T 
logeP = ra t Ebo AETR A 


m 
l f Cr, d In T + gas — log (1.014 x 109). 


2.303 R 5 
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Putting as —log (1.014 x 10°) = i (constant), 


yr 
L 1 
log, P 3303 gr $ Oo T + 5393 ew Cp, dT — 
0 


T 
1 H 
2.303 nj Cr, dinT + i ... (IV.91) 


where i is called the vapour-pressure constant or the chemical constant. It shows 
that the knowledge of the chemical constant with some thermal data would enable 
us to calculate the vapour pressure of substances at very low temperatures. The 
chemical constant values of many substances have now been determined accurately. 


T T 
This, of course, would require the knowledge of J Cr, drana | Crair. 
ó 0 
Usually Cp, is determined at different temperatures Starting from the absolute zero 
(with necessary extrapolation) to the temperature as required. The Cp -values are 


c 


plotted against T and the area under the curve up to T-axis gives the value of 
T T 
Í Cp, dT. Similarly, plotting Cp, against log; T, the values of Í Cp, din T are 
0 0 
also found out. Now, from equation (IV.91), 
T T 
1 1 | 
L5 SS p meii pu 
log;P—$log T 2303 al Cp, dT + 2:303 R Cp, d In T 
Lo 


= 9303 art? 


Plotting the expression on the left-hand against 1/T, a straight line is obtained, 
the intercept gives the value of and the slope = —L,/2.303 R. (Fig. IV.27) 


fs [crc pie f Cin ir 


log p-5/2 log T-g 


———— 


T 
Fia. IV.27. Determination of vapour-pressure constant 


When a high degree of accuracy is not required, some empirical relations are often used to 
calculate the vapour pressure in place of equation (IV.91), such as 


(i) nP=A— T C nT (Kirchhoff, Rankine, etc.) 


he L b 
(ii) logio P = — RT + 1.75 log;i;T — R T+i’ 
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IV.48. The Entropy and the Chemical Constant. It is also possible to obtain a 
relation between the vapour pressure constant and the entropy of a substance. 
Suppose we start with a gm-mole of.a pure solid substance at absolute zero 
and finally convert it into vapour at a temperature T under a standard pressure Po 
(usually one atmosphere). Let us calculate the entropy-change of the transforma- 


tion. 
i T 
Firstly, the solid is heated from 0° to T?K, AS, =| Cp, d InT 
d 


Secondly, the solid is vaporised at T°K, ASi H 


Finally, the vapour is changed from its own vapour pressure P to the standard 
pressure Po, AS; = Rin z 
0 

Hence, net entropy-change, 
Sra — See = AS = AS: + AS + ASs 


T Lr P 
AS -J Cp, d In T + T FR In P, 


wes, 
P Lr T 
Rin 5- = —]} Cr,dlnT + AS 
or [ P; T J Pe 
T 
Mese sm e 
= i T ue j Cp, d InT -- AS 
Lo 1 T 1 T 
1 T SESS 
-d Cp, d InT + — 1 
L 5 1 ie TR fji SS 
= RT 2 RP, Cp, dT R Cp, d InT + —— v 
[ Ce, — &R] 
Lo 5 ih ie T 
Hence, logis P = — 3308 RP 23 2308 ^ 230) gr, Cr T 
1 y" Sp—S» E 
IIR) Or dn? + gc3303 so (IV.92) 
Comparing equations (IV.91) and (LV.92), we have 


S Sr—S99 a da 

jx2300 ^ Rx2300  * logoT + i 

or Sp = So + BR ERR X 2303 logio T + 2.303 R x i 

Anticipating from the third Law of Thermodynamics, that Sọ = 0, i.e., entropy 
` ofa pure solid at 0°K is zero, we have 

Sr = §R+ ERX 2.3031og,4T + 2.303R x i E (L298): 

The knowledge of chemical constant thus predicts the value of entropy of a 

pure monatonic vapour. 
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It can be shown from consideration of statistical thermodynamics that the vapour pressure 
constant i may be represented as, (Chap. VIII), 


g(2nmk)!l2 ] 


i = logio rois x 10° xh? 


and 


gQ«zmkTy!* kT 5 
Sr = R [7 Du 358 + 8! 
The values of i determined from vapour-pressure formula and calculated as above show 
remarkable identity. 


TABLE : VAPOUR PRESSURE CONSTANTS. (P in atm.) 


i(cal) ^ i(obs)| Gas i (calc) i (obs) | Gas i(calc) ^ i(obs) 


Zn 1.136 1.26 | —0.175  —0.19 
Cu 1.11 1.40 " 0.53 0.57 


1.13 
0.49 


Cd 1.49 1.57 2.99 3.10 


Hg 1.87 1.99 1.35 1.74 
TI 2.18 2.40 —0.42 —0.43 


NERNST HEAT THEOREM. THE THIRD LAW 


We have so far discussed the first and the second Laws with their simple applica- 
tions. We may now turn our attention to the other law of experience, the Third 
Law, which is of great importance in the study of chemical changes. 


TV.49. Limitations of the Gibbs-Helmholtz Relation. The Gibbs Helmholtz equation, 


S 9(AG) 
aa- an rS) 


correlates the heat-change (AH) with the change in thermodynamic or Gibbs 
potential (AG) in a process. 
Some special cases may arise, such as 


; (AG ; ; 
(i) When (SQ — 0, ie, when temperature coefficient of the Gibbs 


potential change is nil, AG = AH. Examples ma 


x y be found in some 
occurring in galvanic cells, say the Daniell cell. processes 


J : 9(AG 

(ii) When AG is almost zero, AH = —T 259, Such cases would be 
found in the fusion of solids at their melting points where AG becomes almost 
nil, but AH is appreciably large. 

(iii) When T = 0, AG = AH. This equality of heat-ch 
potential change is of theoretical importance but hardly of any pra 
as we cannot carry out a process at absolute zero. 

Excepting in these cases, in all other transformati 
between AG and AH. It is obvious from the equation 
would enable us to ascertain AH of a process. But the r 
often measure the heat-change, AH (calorimetrically or otherwise), but this 
thermal data does not permit us to ascertain the Gibbs potential change AG 
This is the limitation of the Gibbs-Helmholtz relation. For a long time it was a 
problem of considerable interest, particularly in the field of Chemical Changes, 


to develop a method of ascertaining AG from measurable thermal data. We owe 
to Nernst a successful solution to this problem. 


ange and Gibbs 
ctical importance 


ons thére is an inequality 
that a knowledge of AG 
everse Is not true. We can 


IV.50. Nernst Heat Theorem. In 1902 Richards studi 


E ed the thermod namic c] 
in a number of galvanic cells at low temperatures a y hanges 


nd showed that with lowering 


m OS 00 io A m 
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x 
of temperature AG and AH approach each other rapidly. That is, at extremely 
low temperatures, AG and AH tend to become equal. Hence, 


Ltr,o, AG = AH 
HAG) -o 


From Gibb’s Helmholtz relation, we have, Ltr,o, T - aT 


We already know that at absolute zero (T = 0), T KA will be equal to 


zero, whether a is a finite quantity or zero. In 1906, Nernst made the bold 


8 
a(AG) 
T 


postulate that for a process in a condensed system 3 will be zero in the vici- 


nity of absolute zero. That is, 
aA 
5D zu ches (4) 


The variation of AG with temperature might then be graphically represented 
as in Fig. (1V.28). It is to be remembered that with lowering of temperature the 
magnitude of AG may increase or decrease, but at extremely low temperatures, 


AG would be constant. 


Fic. 1V.28 


Ltr-+o 


Nernst further suggested that not only AG and AH are equal at the absolute 
zero, but they approach equality in this temperature range asymptotically. The 
equality holds true for some range above and in the neighbourhood of absolute 
zero. Hence, the variation of AG and AH may be represented graphically as 


in Fig. (IV.29). 


AG 
4H 
4H 4G 
T— >. 


Fic. 1V.29 


A 9(AH) 
It leads to the conclusion that, Ltr--o, OTT 0 + gan (B) 


It is easy to see that if AG increases with temperature in a process, AH 
will diminish and vice versa. 


_ FIAC) 
For, AGE N= T oT 
HAG) _ NAH) _ pA(AG), AAG) 
i.e., oT oT aT? oT 
a(AH) _ raO 
or maT ar? 
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9*(AG) 
oT? 
Since by Nernst postulate AG converges to a limiting value at low temperatures, so both the 


ILAG), IAG) : 9(AH) (AG) 
terms US and rr must have the same sign. Hence, T and oT 


The two terms -——— and 


EN L2 are opposite in sign. 


F] must have oppo- 
site signs. That is, AG would increase with tempeature if AH diminishes and vice versa. 


Stated analytically, the two postulates of Nernst for a condensed system are 


HAG 
Lites a 2 (v.94) 
Lt (AH) = Xt) F TEM i 


These constitute what we call Nernst Heat Theorem. This innocent-looking 


pair of simple relations have however far-reaching consequences as we shall 
presently see. 


(i) Now, from Kirchhoff’s equation, (at constant pressure) 
(AH 
aD = ACp = GG 
where Cy and C; are the heat-capacities of the System at the final and initial states, 
Then, from equation (1V.94), we find, 
Ltr,o, ACp = 0; hence, Ltz.,o, CH= Gi 


It means that the heat-capacity would remain unchanged in any transformation 
in the vicinity of absolute zero. 


Again, the heat-capacity at constant pressure may be expressed as 
Cy = a, + baT + caT? + dT3 + 
Ci =a HaT +67? 44,734... 
or ACp = a -FBT +yT? +873 +... 
EROE Nhe DO ACE = 0 hereto TPeraluros (which is not 
ACp = 0 = &-E0--0-... 
or a = 0 
Hence, -ACr = PT + yT* + 8T5 4... 


Thermal measurement of heat-capacities at different tempera 
enable us to find the values of constants £, y, etc. 
The Kirchhoff's equation may then be written as 


+». (IV.95) 
tures would 


CEU im ACp = BT + yT* + 8T? +... 


T 
or, AHr— AH a (BT 4- yT? + ôT? +...) dT 
0 
where A Hy is the heat-change at absolute Zero. 
So AH, = AMy+5 7427043704 
The knowledge of AHrz at a g 
(1V.95), gives the magnitude of AH, 
(ii) Again, we know from definition, 
AG = VdP—SdT 


G 
e KA = —AS, (at constant pressure) 


<. . (IV.96) 


iven temperature, with the aid of equation 


a (1V.97) 
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But in the vicinity of absolute zero, ae) =0, 
Hence, Ltr,o AS = 0; ie., S.—S, = 0 
ey = Ai 


In other words, in the neighbourhood of absolute zero, all processes should occur 
without alteration in entropy-values. ] 


(üi) Since aam) = ACp, then we) = ai 


or, AS =f ACtar +Z (constant) 


When Lír,o AS = 0 and also ACp = 0. Further, E is finite or 
zero. Hence, Z = 0. 


AC 
So, AS 3l nan . . . (IV.98) 


Substituting equation (1V.95), we can write, 
1 BT + yT? + 673+... 
AS =f (s T jar = min. ory... 


The Gibbs-Helmholtz relation then may be expressed as, 


AGr = Aur + T (509) 
P 


AGr = AHr— TAS 


AGr 


! 


AG 
AHr;—T | ARE aT <. . (IV.99) 


Substititing the value of AS, 
Y ô 
AGr = AHr-T|PT+3T ES T+... ] 


= [4m cn irta] - [ere greg sr ...] 


ay AG AH ES ADS e TS. . . (IV.100) 


The problem of determining the Gibbs potential change, AG, from thermal 
data for systems involving solids is thus solved with the help of this equation 
derived from the Nernst Heat theorem. > 


IV.51. Applications of Nernst Heat Theorem. The usefulness and validity of the 
theorem may be illustrated by some historically well-known examples. 

(a) Transition point of sulphur ; In the transformation of a and f-sulphur, 
we may write, from equation (IV.95), 

ACp = BT 

Measuring the heat-capacities of the two forms at a known temperature. 
the value of £ was found to be 2.30 x 10-5, The heat of transformation AH ata 
temperature T was also measured, from which AH, was calculated as 1.57 ; for 


AH, = AHr — a T? = 1.57 


224 PHYSICAL CHEMISTRY | 1V.52 


At the transition temperature 7,, the two modifications of sulphur are in 
equilibrium, i.e., AGr, = 0. 


Hence AH, — E T? = 1.57 — 1.15 x 10-57, =0 
or T, = 369.5°K. 


The experimentally observed value, T, = 368.4°K. 

The fusion temperature of solids may also be similarly calculated. 

(b) The e.m.f. of a voltaic cell. With the help of Nernst Heat Theorem, the 
e.m.f. can be calculated from the thermal data. Let us take the cell, 


= + 
Zn — ZnSO,,7H;O || Hg;SO, — Hg 
The changes involved are, 
heat-change 


Zn — Zn** tu Qı 
Zn** — ZnSO, abe OQ, 
ZnSO, + 7H,O — ZnSO,7H,O ... Q; 
Hg;** — Hg, ee QO, 


The net heat-change at 10°C, AHr = XQ = —33360 cals per gm-equivalent 
from calorimetric measurements. 


The heat-capacities of the initial and final components were also measured at 
the same temperature to obtain ACp,,, = 0.95, whence B = 0.0034, 


B 


Then AH, = AH; — 51 = —33360—0.0017 x 2832 = — 33505 cals, 
So, AG = AH, —BLn 

The Gibbs potential change is the net electric energy obtained. 
PO AG = —nfE = —33505—0.0017 x 2832 
whence E = 1.459 volts. 
The experimental value is E = 1.462 volts. 


. . We shall see later that the most useful application of the Heat Theorem is 
in the calculation of equilibrium constants of chemical changes. 


IV.52. The Third Law of Thermodynamics. Even though there are limitations, the 
Nernst Heat Theorem is the precursor of the more important fundamental principle 
enunciated by Planck commonly called the Third Law. One of the consequences 
of the Heat Theorem is 
Ltr+0, ACp = 0 

i.e., heat-capacities of all substances (reactants or resultants) at absolute zero 
must be the same. ie 

From quantal principles, it was found that at very low temperatures, the 


heat-capacity Cp of.a substance continuously diminishes with lowering of tempera- 
ture and would ultimately vanish ; 


ie., Ltr,o, Cp — 0 
" d 
This is also corroborated by experiments. Hence at low temperature ct is zero 
or a finite quantity. The entropy change due to lowering of temperature is given 
by 


Crd T 


mr dd 
din e So S 
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T T. 
or i dS H GF 
0 0 T 


T 
Le; Sr — So x ar 
0 


8080/27 : a 
Since 7 isa finite quantity, we can say Sr — S, must be a positive quantity 


i.e., Sp > So. In other words, the entropy of a substance at any temperature must 
be greater than its entropy at absolute zero. 
In 1912 Planck made the striking proposal in this regard and enunciated the 


third law as 
“The entropy of a solid or a liquid is zero at the absolute zero of temperature.” 


For a condensed system, 

(i) Nernst theorem states Liro ANS —10) 

and (ii) Planck's Law states Ltr, | S —0 
. tis obvious that the third law does not contradict the Heat Theorem rather 
it supports and makes the later quantitative. At 0°K, the reactant solids have zero 


entropy as also the products have zero entropy, hence the entropy-change, AS — 0. 


It was shown in Sec. IV.36, the entropy can be expressed from statistical 


considerations as 
S= knw. 
where W is the probability of distribution. At absolute zero, if the substance be 
in a crystalline state, when all the constituent atoms are in the lowest energy levels 
there is only one possible state or W is unity. Hence, 2 
Ltpo; S —kln1-2o. 

In the case of a supercooled liquid or in the case of mixtures o i 
the thermodynamic probability may not be unity, and as such even SCARE 
zero, S will not be zero. Thus, the principle enunciated by Planck would be true in 
case of pure crystalline substances. The Third Law, therefore, has been stated as 

* Eyery system has a finite positive entropy but at the absolute zero of tempera- 
ture the entropy may become zero and does so become in the case of a pure crystalline 


substance" (Lewis and Randall). 


IV.53. Consequences of the Third Law. From the third law we c. i 
number of generalisations, all of which are not derivable from the Heat | Theorem 
(i) The entropy-change of a system due only to a small pressure-change, for 


a process near 0°K may be expressed, as 
= [(95 
is- (E) 
0°K, AS = 0, hence 25 = (0) 
But at , AS —0, aes 


I's relations. 25 = — e 
By Maxwell's relations, IP ja (a7 ji 


aV 
Hence, Ltro: ( sae 0. 
(ii) Similarly, for a small volume-change of the system, AS = Í ( 7 ) dv 
as "ir 
H ze) e 
and therefore at 0°K, ( ve 


»- 15 
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, A oP\ fos 

By Maxwell's relations, ( ar), (5), 

QPN = 
Hence, Ltr+o ( er ) = 0 
That is, at absolute zero both the pressure and volume coefficients are zero, 
(iii) At a constant pressure, AS — M = coat 

T 
Integrating, S = f d de 
0 


where S, is a constant. 
Now the Third law states that the value of S must be finite at all temperatures. 


This means that at absolute zero (when T = 0), Cp must be zero. Otherwise if at. 


0°K, C is finite, then S cannot be finite. Hence, 
Ltrs 9; Cp = 0 
Similarly, at constant volume it can be shown, Ltr,,, Cy = 0 


IV.54. Experimental Determination of Entropy. The most important application 
of the Third Law is in the measurement of the entropy of a substance. We have 


d 
C 
Sr — So = i 2 dT 
From the Third Law, for a pure crystalline substance, Sọ = 0. Hence, 
T T T 
Sr w Car = J CpdinT = 2.303 [ Cpd logT 
0 ó ò 
This shows that if Cp be plotted against log T as in Fig. IV.30(1) or alternatively, 


C, C cet. ME 
= plotted against T as in Fig. 1V.30(ID, the entropy Sr can be graphically com- 


puted from the shaded areas of the figures. Obviously it requires the knowledge 
of the heat capacities Cp from the temperature T to the absolute zero. In practice 


Fic. IV.30 The graphical determination of entropy 


however Cp cannot be measured at absolute zero or near about it. The measure- 
ments of the heat-capacities are carried out to as low a temperature as that of. liquid 
hydrogen. Below liquid hydrogen temperature, extrapolation is permissible with 
the aid of the Debye equation, 


T3 
Cy = 464.5 F 


where 0 is a constant for the substance. From a determination of Cy at an appre- 
ciably higher temperature T, the magnitude of 0 is known. Substituting @ in the 


— ———— AB — 
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equation above, the values of Cy in the vicinity of absolute zero are calculated 
At extremely low temperatures the differences of Ce and Cy are negligible, so that 
these values may be used for Cp in the extrapolation of the curves (Fig. IV.30). 


Example : In the case of rhombic sulphur, the Cp values were calculated by Debye equation 


C, 
and A vs. T was plotted. 


The value of the entropy from 0*K to 30* K (Debye) — 0.12 cal/degree/mole. 

The value of the entropy from 30°K to 298° K = 7.50 cal/degree/mole. 

Hence, the net entropy of the rhombic sulphur per mole, (measured graphically), S — 7.62 
cal/degree. 

This method is also extended to determine the entropy of gases or liquids, in which the entropy- 
rise in the fusion or vaporisation of the substance are also to be added. In cases where the transi- 


T ——> 


Fic. IV.31 The entropy of a mol of CH,;NH,Cl at 25°C 
tion of solids occurs, the entropy-change due to transition must also be considered. Two examples 
are given below to illustrate the same. 

Example 1. The entropy of methyl ammonium chloride (solid) at 25°C. (Aston et al, 1946) 

The Cp-values were determined down to 12°K and in the region between 0°K and 12K 
the values were calculated (Debye). Between 0*K and 298°K (25°C), there exist three different 
forms of solid, 8 > y > a forms. The entropy-changes at the two transition temperatures at 
220°K and 264°K were also considered from the heats of transition, (Fig. IV.31). 


AS 
0*K—12*K (extrapolation) 0.067 
12°K—220°K (B-form, graphically) 22.326 
Transition (B — y) at 220°K 1.929 (L = 425.2) 
220°K—264°K (y-form, graphically) 3.690 
Transition (y — a) at 264°K 2.547 (L = 673.6) 
264°K—298°K (a-form, graphically) 2.555 

33.114 - 


.. Entropy of one mole of solid CH;NH;C! at 298°K is 33.114 cal/degree. 
Example 2. The entropy of ethylene gas at 25*C. 


AS 

(i) 0°K—15°K (by extrapolation with Debye) 0.24 
(ii) 15°K—104°K (graphically, e ys T) 1235 
(iii) Fusion at 104°K (L/T = 801/104) 7.70 
(iv) 104°K—169.4°K (graphically) 7.90 
(v) Vaporisation at 169°K (L/T = 3237/169.4) 19.10 
5.12 


(vi) 169.4°K—298°K (graphically) 
The entropy of a mole of ethylene at 25°C = 52.31 cal/degree 
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The entropy of gases thus determined corresponds to the real gases. For 
comparison, it is customary to express the gas-entropies in terms of ideal gases 
at one atm. usually at 25°C, introducing some corrections. This is called the 
standard entropy or the absolute entropy of a gas. 

The absolute entropies of certain substances at 1 atm. and 25°C calculated 
from the thermal data are given below. 


TABLE : THE ENTROPIES AT 298°K 


Substance 


Entropy 


Substance Entropy 


H (9) s 3121 H,0 (D) a 16.71 
On (e) 3 49.00 HCI (g) p 44.62 
Na (2) a 45.77 HBr (g) 3s 47.44 
Cl, (g) B: 53.31 HI (g) e 49.31 
Br, (1) Xm. 36.40 CO (2) bt. 47.30 
LG i 21.90 CO, (9) E 51.06 
C (graphite) by 1.36 NH, (g) 2 46.80 
Na (s) dmn 12.20 NaCl (s) am 17.30 
S (rhombic) ase 7.60 KCl (s) Ar 19.90 
Fe (s) X 671 CuO (s) t 10.40 
Zn (s) A 9.83 BaO (s) z 16.80 
Hg (D) t 17.80 Ca(OH): (s) s 17.40 


CH, (2) ach 44.50 CH,OH (/) m 31.00 
C.H, (g) E 52.45 C,H,OH (I) kh 38.40 
CH; (g) i 48.00 CH,COCH, (/) E. 47.80 
CH, (g) oa 64.34 CH,COOH (1) ne 38.20 
C,H;CH, (g) dns 76.42 C;H,OCiH; (7) 60.40 


„The other important application of the Third Law is in the determination of 
equilibrium constants in chemical processes (See Chap. IX). 


IV.55. Tests of the Third Law. Several experimental i i 
the truth of the Third Law. $ tactscan be cited/tb establish 

(a) Itis a prediction of the Law that in the neighbourhood of the absolute 
zero, the heat-capacity and the coefficient of expansion would vanish. These 
have been confirmed exprimentally in many instances. 

(b) It is possible to calculate the change in entropy in the transition of one 
form of a substance into another form. The calculated values corroborate to the 
experimental result. : 

Suppose there are two crystalline forms X and Y of an element. At the transi- 
tion temperature Ts, AG = 0. Hence, the entropy change, 


H 
Sp Sm m ACH O) 


By the third Law, for both X and Y, the entropy value at T = 0 is zero, i.e., 
Sy = Sy = 0 (Ltr, ). Then at temperature Tt, 


T, T, 
Sy zi Gar and sa| Cr ar 
0 0 


T, 

Cy—C. 

or uel eee Wats (D) 
0 

The two methods (a) and (b) give the same value for the entropy-change. This 

has been studied in the case of white tin-gray tin, quartz-cristobalite, calcite- 


aragonite etc. The most satisfactory results were obtained with tin, which confirms 
the Third Law. 
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(c) In the reactions, 
Ag -+HgCl = AgCl + Hg 
Pb +2Agl = Pbl, + 2Ag 


AG and AH were separately determined from (e. i i 
ments) and AS is calculated. These values PE C Pp Lac 


obtained from the Third Law. 
TABLE : ENTROPY-CHANGES 


Chemical Process. AS (Gibbs-Hel i 
Sn (white)—Sn (grey) = 187, sap AS on re 
Ag-+HgCl = AgCl+Hg + 7.78 TTR 
yPb+Agl = Ag-iPbl, — 3.99 ue z R 


(d) The entropy-change, say at room temperature, of the reaction 
2Ag + Cl, = 2AgCl 
is given by AS = 2Sagci—2Sag—Scs 
Th AS Sa, = 2Sasci—2Sas— AS 
e value of AS can be determined experimentall 
and AH of the process. Moreover, Sagci and Sag ly from a enomieage of AG 
capacity data with the Third Law. Thus we know the entropy of "IS the heat- 
The value thus obtained approaches the value of Sci, directly dete Jorine, Sci, 
Third Law. This indeed is a proof of the validity of the Law y determined by the 


PARTIAL MOLAL QUANTITIES : CHEMICAL POTENTIAL 


thermodynamic properties such as internal 
energy, entro 

sually on the three parameters (P, V, T) of the ceu er 

A meters. The three parameters are interrelated by some e ti n 

state, so t at any two of them can be taken as independent vari es ion of 

if X denotes any thermodynamic property of the system ; we can BE les. Thus, 

But this is t A ea t AT ARRAS 

ut this is true on y for closed systems, i.e., system i i 

mical composition remain fixed. Now, in PH acannon eR and the che- 

chemical composition may alter the thermodynamic functions which eon ind the 
> nsive 


properties like internal energy, enthalpy, entropy, free energy, Gi 
, Gibb i 
tc., must depend upon the amounts ob the rei 


The 
depend u: 
by those para 


volume, heat-capacity € 


present in the system. 
So any extensive thermodynamic property, X, may be represented as 
> 


x = P, T, ny, Tig, Mg, My . . 3; 
where 7h, Mg, Mg. . . etc. are the quantities of the different i 
usually expressed in gm-moles. components in the system 


al Molal Quantities. Let us now consider small i 
» 5 chan i 
including the amounts of the components. popa 


property, X will be given by, 


IV.56. Parti 
ables of the system, 
the thermodynamic 
Ox ox ax 
dX =( = )4P +( = aT es 
(a7 ) (or m * (3s )m. : 


Tm 


ox ax 
i ( ong ) am Ü (5s ) in Ha... id 


ox 
The t = is cal! i 
e term ( om ETE: called the partial molal propertyfor the first component 


es the rate of change of X on addition of one mole of the first 


and obviously denot í 
ariables remain unchanged. This is usually denoted 


component when all the other v. 
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by putting a bar over the symbol for the property, such as X,. The partial molal 
properties of the different components, then, would be, 


-(8X ably ms 2) Pu ox 
He i (S P,T,na,ns.-- A 3 [os P,T,nina... i é an, P,T,ny,ns... 


If the system undergoes a change only in the masses of its components, at constant 
pressure and temperature, then, 


ox ox Ox 
dXpr = (Gra +4 (ans. ed (an) 2 +... 


P,T, nang... P,T,ny,n3... P,T,ni,n3... 
= Xn, + X.dn, +... 4 Xidm 4... ... (IV.101) 


It may be remembered that X stands for any extensive thermodynamic property. 
Thus, at constant temperature and pressure, we may express the changes of 
entropy as follows : 


as as as 
irre (nire, En es Fda) det 


P,T,ny,nq... 
= Sdn, + Sdn, F ... + Sidi +... 


such that, partial molal entropy of the ith component — ( os.) L5 
y 1 / PT mns... 
Similarly, for the ith component in a system, i 
Partial molal internal energy = (jn) =; 
Ont fp Tynna... 
Partial molal enthalpy = (os ) = Hi 
Ur P,T,ny,n3... 


etc. etc. etc. - 


IV.57. Chemical Potential. Consider a system containing n, moles of A, ny moles 
of Ay, . ..m moles of A; at pressure P and temperature T. Then its thermodynamic 


potential 
G = fE Ty Ts e. - Mt, 0.5) 


Suppose now the amounts of the constituents change at constant pressure and tem- 
perature. 


The change in the Gibbs potential, G, may be expressed, at a constant tem- 
perature and pressure, in the same way as in eqn. (IV.101), 


0G 0G 96 
MU LÀ COR CIE 


P,T.ni,n,... PT, nins.. 

= G,dn, + Gadna + Gadns Foo. + Gid +... . . . (IV.102) 

The partial molal Gibbs potential, [denoted by (o) for the ith com- 
PT,myn,... 


ponent] has been given the name chemical potential by Willard Gibbs. It is univer- 
sally represented by the symbol p. 


That i E ) 6 
at is, == = Gi =m 
dni PT, à 


^ dGp.r = pdn + padn, + padn +... + pdn +... <. . (IV.103) 


The chemical potential x, therefore is a measure of the Gibbs potential increase 
of the system due to addition of 1 mole of the ¿th component at constant tempera- 
ture dnd pressure, when other components remain unaltered. This, it would be 
soon realised, has a unique importance in dealing with the chemical processes, 
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,  Nex imagine that at constant P and T, all the constituents are increased 
in the same proportion (Ax). That is, Ay is increased by an amount n, Ax moles. 
Ag is increased by 7 Ax moles, . . . Ai is increased by n; Ax moles. Hence. ; 
dn, = 1, AX, dn = njAx, dni = m Ax, etc. à 
Since G is an extensive property, this will also increase by an amount G. Ax, i.e. 
dG — G.Ax. wt 
Now, applying equation (IV.103), we can write 
dG = pani AX + pata Ax +.. s+ uim Ax. +... 
or G.Ax = pj AX + patto AX +... + wim Ax +... 
Hence, G = pity + Balla +... tpi t... = Eun. 
Now complete differentiation of this equation gives us, 
dG = (mdn + padng + usdns +.) 
+ (mdi + nodus + nadpa +--+) .. » (LV.104) 
Subtracting equation (IV.103) from equation (IV.104) à 
ndu, + nadya + ndu +... = 0 
We have thus three useful relations for chemical potentials with the compo- 
sition of the system. 


@ G = hh + palla + pats +--+ = > pn 
(i) dG = man + podn + padi +... = X pdn s. (IV.105) 
(ii) 0 = mda ndpa + nada +... = Endu 


These are commonly known as Gibbs-Duhem relations. 

It must however be noted that the partial molal Gibbs potential (i.e., chemical 
potential) is independent of the masses but is not independent of the composition 
of the system. Though it means the increase of G of the system per mole of the 
added substance, but the increase depends upon the composition of the system. 
Thus if we add 1 gm-mole of water to (a) one kg of pure water and to (5) one 
kg of a salt solution, the increase 1n Gibbs potential will not be the same. To 
be more precise, it is the increase 1n the value of G at constant temperature and 

ressure from the addition of 1 mole of the component to an infinitely large quan- 
tity of the system such that the addition does not materially alter its composition. 
This also applies to other partial molal quantities, like partial molal volume, or 
partial entropy, etc. An attempt may now be made to express the chemical poten- 


tial in terms of the parameters. We know, 


_ 4G 
M = dn 
ronn . dS 
Hence, folk ~ dndP 
Again, we have, dG — VdP — SdT Or PA [ £ ] 
vid 
" [2 T GE 
Therefore, am dr = dPdi 
Os oV zi 
We have thus lel = PAR Ea .. . QV.106) 


The rate of change of chemical potential of a component of the system with pressure 
al molal volume of the component. 


is equal to the parti e or 
Now, suppose there is a system containing n gm-moles of a mixture of ideal 
gases at constant temperature T. Then, we know, 


(i)n = onm dm dn dme tmt.. 
(ii) V = (m +m t +. tut) T 
(iii) P = p tp te t tat 
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Consider a small change dm, of the ith component, other variables remaining 
constant, then, 


Again p, = nP, or Inp; = Inm + InP 
-. d InP = d inp; (for a system of given composition) 
Thus, from equation (IV.106), 


she dE Su RT. 
dm = VidP di; dP — P dP. 
or du = RTdinP = RTdinp 


ae m = RT Inpi + Zip (constant) 
where, Zip is a constant depending on the nature of the gas. It represents the 
chemical potential of the component when the partial pressure of the component 


becomes unity. : 
Since, py = CRT, where C, is the molar concentration of the component 


in an ideal mixture, we have, 


pi = RT In C + Zio 
When N; denotes the mol-fraction of the th component in the mixture,* 
C CM (MILI Ce od 
Dt n +n +... E NP 
or m = RTÍn Ni + Zin 


Since ideal gas laws can also be extended to ideal dilute solutions, the relati 
would hold true in the latter cases also. We thus express chemical potential in 
ideal systems, as 


qa = RTInpid Zip 
m = RT In Ci + Zac +.» (IV.107) 
“= RT In Ni + Zin 


It must be remembered that the magnitude of the chemical otential (i 
partial molal Gibbs potential) would depend upon the Sempositicn ore rens 
The partial molal Gibbs potential of a pure substance obviously will have a con- 
stant value independent of the total mass of the substance. It is identical with the 
molar Gibbs potential of the substance. vath the 
It is desirable to mention here a very useful prediction from the Gi 

equation. Suppose in a system in equilibrium, a component is A aos 
phases I and II, having molal thermodynamic potentials G, and Gu. Imagine 
at equilibrium, a minute quantity (An gm-mole) of the substance passes from 
phase I to phase II, then by Gibbs-Duhem relation (IV.105), 


pa C— An) + pn (An) = AG = 0 
or Pi — pm 
i.e., Gi = Gu } + +» (IV.108) 


i.e., The chemical potential (or partial molal thermod; 7 7 
y uH ynamic potent 
ponent in every phase must be the same under conditions of enu. VD 9d tht 


*If a solution or mixture contains My, Ma, N: i 
H" x : » Ma, Ns ... gm-mols of different i 
individual concentrations may be expressed in terms of mol-fractions. Thus, the Holic T 
" 2 ol 


1st component, N, = m ND 
LL NR 2n 
2ndcomponen, N, = ——"* sa 
nR ql Zn 


"ni n 


ith component, N; = 
m +m om... ` p ison, 


P 
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Thus, in a closed vessel containing a liquid in equilibri ith i 

the chemical potentials of water in liquid phase and i E LES hé : 
same, though the masses may be different. Similarly, when iodine seats di d 
solved in both water and chloroform, which are in contact and in equilibri zi 
the chemical potential of iodine in the two phases will be the same. though Jie 
concentrations in the two phases differ widely. : ns 


1V.58. Determination of Partial Molal Quantities. There are quit 
methods for the determination of the partial molal Musso We Saca 


here only one of these methods. 
Method of Intercepts. The graphical method of intercepts provides a convenient 


method for such determination. Consider a solution (or a mixturi ini 

e) conta 
n, and n, gm-moles of two components. The suffix (1) will Tea denote tHe 
solvent. Suppose the partial molal thermodynamic potentials of the components 
are to be determined. Let y denote the mean thermodynamic potential per 


gm-mole of the solution, so that 

or G = (m +n). 

At constant temperature and pressure and at constant n, if we diffi i i 
respect to 7g, then, k erentiate with 


Me fee GET 
y= mnm! 


G= aG ei oy 
4 a, = (52) St (mk). M) 
The mole-fraction of the solvent is given by, Ny = iow 
ny + ng 
dN 7 N, 
At constant 7, dn = (n ny Tay => TES 


We can rewrite (1) above, as 


& dy dN, 
Gs yc tma 
— dy 
22 Gi F ™ aN, ...- (ID 
4 dy. P m 
Since aN, is not dependent on the way N; is computed, it is no longer necessary 
to assume 74 as constant in equation (II) 
D 
y Q 
As 
P 
A N— B 
Fig. 1V.32 Partial molal quantities from the method of intercepts 
The observed mean values of thermodynamic potential per mole, y, are plotted 


vent Nj, as the curve CD in Fig. IV.32. Le i 
mol-fraction of the solvent in the solution Vio Partial Med 


against mol-fraction of the sol 
L represent the 
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is to be studied. Draw the line MLN parallel to N,-axis and draw the tangent 
PLQ at the point L. Then the slope at L, is tan 7 PLM, or, 


c d 
PM = MTS. 


E dy 
Hence, G — VEEN, = AM—PM = AP. 
Similarly, it can be shown G, = BQ 


So, the partial molal quantities of both the components of the solution can 
be ascertained from the intercepts of the y-axis. The method can be applied in the 
determination of other partial molal quantities. 


IV.59. Fugacity. We have seen that the chan 


ge in thermodynamic potential is 
expressed as 


dG = VdP — SdT 


For one mole of the substance, the thermodynamic potential is the chemical 
potential, (G = p). Then at constant temperature, 

du = dG = VdP 
When the system consists of an ideal gas, we have 


RT 
du = — dP = RTdInP 


or m RT InP + Zp “hen (RV. 107) 
The constant Zp depends upon the temperature and nature of the gas. When the 
gas is at unit pressure (P = | atmosphere), it is said to be in the standard state 
and the standard chemical potential, (say) n° = Zp. That is, 
e = RTInP + yu? - + + (IV.109) 
Similar relations will also hold true for the individual components in a mixture 
of ideal gases. The expression for chemical potentials given in equation (IV.107) 
is true only for ideal gases. 
" m = RT InP; + yw? 
Non-ideal gases. When the system contains a real gas, the relation (IV.109) 


will not hold true. For, we cannot replace V by u in integrating du = VdP. 


A suitable equation of state (say, van der Waals’) must be used to replace V. 
Such a procedure leads to a complicated and unweildy expression for p. 

For non-ideal gases, a new function called fugacity ( f ) has been introduced 
by Lewis retaining the form of the equation (1V.109). The chemical potential is 
then expressed as, 

po— RTInf + p° . . . (IV.110) 
where fis the fugacity of the substance. 

Comparison of the equations (1V.109) and (IV.110) shows that for an ideal 
gas, the fugacity is exactly equal to the pressure. For a non-ideal gas, the fugacity 
will be a function similar to, but not equal to, the pressure. The factors of non- 
ideality are therefore contained in the fugacity term. The fugacity is thus a sort of 
idealised pressure. 

It is also obvious that the standard chemical potential will correspond to the 
state when the real gas has unit fugacity. Now if f, and f, denote the fugacities of 
a gas at two pressures p, and p», then 

ke~t = RT If ... (IV.111) 

1 ow 
An attempt may now be made to show how the fugacity can be deduced for non- 
ideal gases. Suppose at a given temperature (T) and pressure (P), the molal volumes 
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of an ideal and a real gas are V, and V i i 
icing e E Iob: Habe respectively. Let the difference between 


a=hv=_yv 
or adP = RTdinP—VdP 
Hence adP = RTdInP—RTdInf [:: VdP = du = RTdinf] 
1 P 
or Infi—inp—-— 
N adP 
dfi hes. f f 
uS pi. s el Eur -. s QV.12) 
E 
fa be 0 cd STRE (VET) 


Thus we obtain a relation between the fugacity and the pressure. To evaluate 


[7 adP, the experimentally derived values (from molar volumes) are plotted against 
P as in Fig. (IV.33) when the area under the curve would give the value of the 


integrand. The value of the d may then be calculated. 
Since at very low pressures IP tends to unity, i.e., In f/P > 0 ; 
plotted against pressure. Integrating this from zero to US P us e 


the value of f from equation (IV.111). 


0 
z 
* -— E 
100 200 300 
p 
Fic. IV.33 


When a is zero, i.e., the gases are ideal, f becomes equal to P. In other words, 


— RTInP + pez)» for ideal gases 
— RTInf + a=)» for non-ideal dei ape Lue 


Example : For oxygen the pressures and fugacities at 0°C are 
100 200 400 


P (atm) 50 
48 92.5 174 338 


f (atm ) 
rmodynamic potential in compressing 1 mole of O, at 0°C from 50 


then the apparent change in the 
to 200 atmospheres will be 


—p, = nRT nh = 1 x 1.98 X 273 x 2.303 log we = 696 units. 
1 


AGreat = Fa ed 
While under ideal condition, this would have been 
POM 200 E 
louem ud nRT In B = 1 X 1.98 x 273 x 2.303 log Feo 498 units. 
he determination of fugacities is linked up 
h determination of fugacities becomes very 
n-volatile substances, 


have seen that t 
many cases suc 
f liquid mixtures or no 


IV.60. Activity. We 
with gas-pressure. In 
difficult, as in the case o 
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Lewis therefore introduced another function called activity or relative fugacity, 
denoted by ‘a’. If f and f° denote the fugacities at a given state and at a standard 
state arbitrarily chosen, the activity (a) is the ratio of the two fugacities, 


aj ee QV.1I5) 


(We shall use superscript ^ to denote the standard state). It means that at the 


i Hing) e 


standard state, the activity, a° = FU 


Since, molal thermodynamic potential G or chemical potential (p) is given by, 
p = RT Inf + C, we have 


pium RTI, = RTina .. . (LV.116) 

where p° is the chemical potential at the standard state. 

In a mixture, for any component i, the partial molal thermodynamic poten- 
tials should be taken. Hence, 

Gi-Ge = RTIna, 

or m RT In a4 + i^ 2. (IV.117) 

[ In general : B = RTIna + p (constant)] 
Since the activity is a ratio of fugacities it is dimensionless and its numerical value 
will depend upon the standard state, which may be fixed according to convenience. 
RT Ina + pany 
RT In P + ppc), 


I 


I 


The relations (for real gases) p 
and (for ideal gases) m 


M 


prompted the introduction of ‘activity coefficient’ y, defined as y = $ or qd — yP 


where y is also dimensionless (since P= A ) Hence, for real gases, we 


may write, 
Bo = RTInyP+p° acae (IV.118) 

Since for ideal gas f = P, ie, d = P, hence y = 1. 
The deviation of y from unity for real gases shows directly t - 
ideality of the gas, wherein lies its importance. Ee ge 

Solutions. The concept of fugacity and activity 
extended to solutions. Solutions are regarded as ideal 
between the components and the physical properties follow additi 
such ideal solutions, the vapour pressure of a component over prd z 
proportional to its ORE e in the solution (Raoult's Law). Thus if P, and P. 
denote the vapour-pressures of the two com: onents i i i ing 
Sio frastiona N, Bhd Ne thet p in a binary solution having 

Pi = NP P, = N,P,° 

where P,° and P, are the vapour-pressures of the two components in their pure 


states at the same temperature. Usually subscript 1 stands f. 
subscript 2 for the solute. 5 or the solvent and 


Let us now consider one of the comp 
cal potential in the vapour phase is 
Ua = RT In P, + p” (assuming ideal behaviour for vapour) 
Since the vapour is in equilibrium with the solution, its chemical ial will 
the same in the solution phase (eqn. IV.108). That is, in solution aoe sire a 
Pa = RTInP, + p,° 


has been very profitably 
when there is no interaction 


onents, say the Ist component. Its chemi- 
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If we have two solutions in whi 
; i ich the same com i i 
mol-fractions with vapour pressures P, and Py’, then DEUS presengun dos 


It is now necessary to choose a stand i 
T : ard state, which iqui 
is often taken as its pure state (vap. pressure P,°). We P Me Cr D) 


o P 
"e = RTh} 
3— a RT In PS ++. (IV.119) 
When the solutions are ideal, we can introduce Raoult's Law, so that 
> 
TERE ENP 
yh RT In BBC RT InN, »  . (IV.120) 


In real solutions, we shall see later, there is consi 

; 1 > nside iati 

Raoult's Law and the equation (IV.119) is not valid. s enn SUM 
retaining the form of expression for ideal solutions we may repl RN LIE 
pressures by fugacities in dealing with non-ideal solutions, so that ace the vapour 


m-a = RT Inf. 
when fi? is the fugacity of the com onent in th ; 
state. : E z p e standard state and f, in the given 
Defining, as in the case of gases, activity by a, = A, we have 
x 
for non -ideal solutions, un? = RTIna, av b 
and for ideal solutions, — gi—ja^ = RTInN, + + @V.121) 
. + « (IV.120) 


When the real solution is extremely dilute, it tends to b : 

V t . e 
d,—N,. At higher concentrations, the ratio of the activity ee adeally so that 
(a,/N,), deviates considerably from unity. This ratio of activity to eee 
ncentra- 


tion is the activity coefficient, ys OT 


EN 
Yı N, 
For solutions which are non-ideal, 
m = RT Ing +m’ = RT iny N + my”... WV 122) 
In general, for any component of the solution, 
p = RT InyN + p° pile 


ion be expressed in molar units instead of the i . 
1 p is written as, mol-fractions, 


p = RTInfe+ p «o. (IV.124) 
he activity coefficient and c is the molar concentration of the component 


If the concentrat. 
the chemical potentia 


where f is t 
in solution. 
solution of alcohol, in which mol-fraction of alcohol is 0.05 ga 
A ve 


Example : An aqueous 
nd alcohol as 23.2 and 10.8 mm respectively. The vapour pressures in 


partial pressures of water à 
the pure state are Pale = 21.76 mm. and Pwater = 23.8 mm. at the same temperature. Then 
23.2 $ 
activity of water 41 = p? = 338 = 0.98 
$ 10.8 
= = 0.49 


qe 
activity of alcohol 4. = p? = US 


—a[N— 0.98/0.95 — 1.03 


activity coeff. of water 
= a' |N; = 0.49/0.05 = 9.8. 


activity coeff. of alcohol 


OOO 
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(i) Thermodynamics : Zemansky 
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(iii) Thermodynamics and the free energy : Lewis & Randall 
(iv) A Treatise on heat : Saha & Srivastava 

(v) Chemical Thermodynamics : Klotz 

(vi) Thermodynamics for chemists : Glasstone 


Problems 


1. Calculate the work involved in the following processes : 


(a) At a constant pressure of 1 atm. two moles of an ideal gas are heated from 27°C 
to 127°C. [Ans : 16.4 lit-atm.] 
(b) Under 1 atm. the density of water is 0.9998 gm/c.c. at 0°C and 0.9584 gm/c.c, at 100°C. 
One mole of water is heated under 1 atm. from 0°C to 100°C. [Ans : 7.4 x 10-4 lit-atm.] 
(c) At 0°C and 1 atm. 45 gms of ice melt into liquid water. The decrease in volume per 


mole during fusion is 1.48 c.c. [Ans : —3.7 x 107? lit-atm.] 
(d) One gm-atom of zinc dissolves at the negative electrode in a Daniel cell of e.m.f. 
1.1 volt. [Ans : 212300 joules.] 


(e) At 25°C and 1 atm. a gm-mol of BaCO; dissociates as BaCO,(s) > BaO(s)+CO,(g). 

[Ans : 24.4 lit-atm.] 

2. The molar heat of vaporisation of H,O (/) > H;O(g) is 9700 cal. at 100°C. Evaluate AU 

per mole at 100°C and 1 atm. The molar volume of liquid and of vapour are 18 c.c. and 30.2 


litres at 100°C and 1 atm. [Ans : 8975 cal.] 
3. 100 gm Argon is allowed to expand from a pressure of 10 atm. to0.1 atmosphere at 100°C. 
Calculate the heat which is absorbed assuming ideal behaviour. [Ans : 8580 cal.] 


4. Isothermally at 127°C a gm-mole of nitrogen, which obeys Van der Waals equation, expands 
from a volume of 10 litres to 1 litre. What will be amount of work done, if a — 1.39 atm-litre?/ 
mole? and b = 0.039 litre/mole? 

5. 5.6 gm of nitrogen is adiabatically compressed from 10 to 5 litres, calculate the final tem- 
perature and also the work done on the gas. Cp = ZR. 

6. Two litres of CO; at 0*C and 5 atm are expanded isothermally until the pressure is 1 atmos- 
phere. Assuming the gas to be ideal calculate A W, Aq, AU and AH for the process. 

Also find out these values if the process were effected adiabatically, 

7. A gm-mole of an ideal gas (Cy = 8.0 cal) was initially at 0°C and 10 atm. The external 
pressure is suddenly reduced to 1 atm. and the gas expands adiabatical 
What is the final temperature? Final volume? 

8. At 20°C, we have a gm-mole of an ideal gas (Cp = 
volume and temperature if 

(i) it expands adiabatically against a constant pressure of 5 atm. 
(ii) it expands adiabatically from 15 atmospheres to 5 atmospheres? Calculate also AW 
and Aq in each case. 

9. At low temperatures a non-ideal gas follows the relatio; 
cohesive pressure constant, a — 3.6 atm.-litre?/mole?, Calculate 
this gas in expanding from 0.224 litres to 22.4 litres at 127°C. C 
done in corresponding expansion of an ideal gas. 

10. The pressure of a gas is represented by p — 20/V (atm.) where V is the v 
If the gas expands from 5 to 50 litres and undergoes an increase in internal 
how much heat will be absorbed during the process? 

11. Evaluate A U for the process (at 500°K), 

Mg (s) + 2HCI (g) > MgCl, (s) + Ha (g); AH = —109 Kcal. 
The volume-change of solids may be ignored. 

12. The heat-capacities at constant pressure for CO, CO, 
Cp (CO:) = 8.97, Cp (Oz) = 7.0. The standard heat of reaction for t 
is A Hoos = —67650 Cal. Find out AH of the process at 100°C. 

13, Calculate the enthalpy of vaporisation of SO, at 
(—10°C) be 5950 cal/mole. Given the molar heat capacit 

Crn = 20.6 cal/mole, Cp(g) = 9.3 cal/mole, 


lly against this pressure. 
[Ans : 218*K, 17.9 litres.] 
8.6) at 15 atm. What will be the final 


n PV = RT + a/V, where the 
the work done by one mole of 
ompare this result with the work 
[Ans : 4034 cal.] 
olume of the gas. 
energy by 200 cal, 
[Ans : 1322 .4 cal.] 


[Ans : AU = —108 Kcal] 
and O, are Cp (CO) = 6.97, 
he process CO -+ 0, CO; ; 

[Ans : 67762.5 cal.] 
—2*c if the same at its boiling point 
les 
[Ans : 6119.5] 
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14. The heat of combustion of C4H,OH at 20°C and 1 atm. is —238 Kcal. Calculate its heat 
of formation (use tables of standard data). 
15. The heat of solution of anhydrous CuSO, and of CuSO,, 5H;,O are —15800 cal and 2750 
cal per mole. Find the heat of hydration in 
CuSO, (s) + 5H,0 (I) = CuSO,, 5H;0 (s). 
16. The heats of formation of Na,B,0,(s) and Na;B,O;, 10H;O (s) are —742 and —1460 Kcal 
respectively. Calculate the heat of hydration of Na;B,O; in forming the decahydrate. 
17. At constant volume at 27°C 
2C,H, + 150, > 12CO, + 6H;O (D ; AH = —1600 Kcal 
2C,H; + 50, — 4CO, + 2H;0 (1) ; AH — — 620 Kcal 
Calculate the heat of polymerisation ofacetyleneto benzene at constant pressure. [Ans ; —131.2 Kcal] 
18. The heats of formation of CO; (g) and HO (l) are 
AHp,oq = —68320 cal 
AHjco,q) = —94050 cal 
The heat of combustion of methyl alcohol is —173.65 Kcal. Calculate the heat of formation 
of liquid methyl alcohol. 
19. The heat of neutralisation of HCN (aq) is 3000 cal at a constant pressure at 25°C. What 
is the heat of dissociation of HCN? 
HCN (aq) = H*(aq)+CN“(aq) [Ans : 10.7 Kcal.] 
20. Evaluate, from bond energy values, the heat of gascous reaction, 


(a) CH, + Ch > HCl + CH;Cl. 
(b) C,H,-- Bra > C,H.Bra 
[ Use the bond-energy values from the table.] 

21, At 17°C, the heat of combustion at constant pressure of amorphous carbon is 96960 cal, 

that of CO to CO, is 67960 cal. Determine the heat of formation of CO at constant volume. 
[Ans : —29290 cal.] 
el is 8000 cal/gm. What is the maximum work that 
rks between boiling pt. of water and 30°C? What is 
[Ans : y = 0.19] 


22. The available heat from burning a fu 
can be obtained from it when the engine wo 
the efficiency of the engine? 

23. Calculate the entropy-change 1n 5 

(a) Vaporisation of ether [L = 6500 cal/mole, b. pt = 35°C] 
(b) Compressing 20 gms of helium from a pressure of 1 to 10 atmospheres at 20°C. 
[ Ans : (a) 21.1 e.u. (b) —23.0 e.u.] 
r degree the difference in entropy of 
2 atm. and 1 mole of water at 100°C & 1 at 
ter vapour at 100 C and 1 atm. an atm. 
oa moe Sone (Du 100°C and 1 atm. and 1 mole of water (/) at 25°C and 1 atm. 
n i E oi water vapour at 100°C and 0.1 atm. and 1 mole of water vapour at 100°C 
= 9 cal/mole, CyH,0.) = 18 cal/mol] 

y - nitrogen is 7 cal per mole per degree. What will be entropy-change 
a ds The heat bp from 300°K to 500*K at (i) constant volume and (ii) at constant 
JH. m the gas be [Ans : (i) 0.633 (ii) 0.8855 e.u] 

et = -degree. Assuming ideal behaviour. i 
— &2 4. 19 x 107?T cal/mole 1 our, estimate 
No wd A gms of the gas from a volume of 100 litres at 300°K to a volume 
-cha 
of 60 li °K. 3 5 
ics 800 c in entropy (a) if 200 gms of water at 27°C be mixed with 500 gms of 
2T: What is the chang of ice (0°C) be added to a Kg of water at 25°C in an isolated system? 
water at 57°C (6) if 100 gms i. = 1435 cal, Cor, o = 18 cal] 
i mole of hydrogen are mixed at a const. temp. What will be 


24. Calculate in calories pe 


and 1 atm. [Cp(H, 0,8) 


I O! 
28. One mole of Helium and one M 


the entropy-change? í CO, are a = 3.59 litre?-atm/mole? and b = 0.043 litre/mole. 


; ts fo A H s; 
29. The van der Waals con gas at 0°C. What is the inversion temperature of this gas? 


E 4 cient of t i 
valuate the J-T coeffi are compressed isothermally and reversibly at 27°C from a 


6 30. pe m of d e Paea E the change in Gibbs potential for the process. Also 
ressure ol atm. Bia i - a 
find out AU, AH, AS and AW. er ea eal 


=e re LUN A EU ba A LONW AA IDL Spain E ENT TOT 
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31. For a reaction at 127°C, 
AG = —12 Kcal and AH = —17.5 Kcal 


Kaoge c 7 E 
“or |» 
32. At 25°C, the entropy of cyclohexane (J) is 49.3 cal/degree and the heat of its formation, 
6C + 6H; > CoH, (0) ; AH = —37680 cal 
Calculate the free energy of its formation from the elements at 25°C. 


33. The entropy change in the decomposition of calcium carbonate under standard conditions 
is 38.4 e.u. 


Find out AS and [ 


CaCO;(s) = CaO (s) + CO, (8) 
What is the standard entropy of CaCO? (use tables) [Ans : 22.2] 

34. What is the approximate boiling point of water at a place where the atmospheric pressure 
is 600 mm? 

35. Calculate the change in the m.pt of ice brought about by the application of 100 atm. pressure. 
The volume change on melting is —1.63 x 10-? litre/mole and the enthalpy of fusion is 1440 
cal/mole. [Ans : AT = —0.75°] 

36. The densities of solid and liquid phenol (m.pt. 41°C) are 1.072 and 1.056 gm/c.c. respec- 
tively. Estimate the change in m.pt. if the pressure be raised to 10 atm. [ L— 25 cal/gm.] 


37. The transition point of a to f-sulphur is 96.6°C. The specific volumes of a and B-sulphur 
are 0.495 and 0.505 c.c. respectively. The heat of transition is 75 cal/gm-atom. What will be the 
transition temperature at 25 atm. pressure. 

38. The heat of vaporisation of cyclohexane (b.pt. 80°C) is 85 cal/gm. The specific densities of 
liquid and vapour are 0.72 and 0.003 gm. at this temperature. Find out the pressure at which 
the liquid can be distilled at 30°C. 

39. Find out the value of AG per mole at —10°C for 

H,0 (/, 1 atm.) — H:O (s, 1 atm.). 
Given Cp (H0, s) = 9 cal/mole, Cp (H,O, I) = 18 cal/mole, A Ha = 1440 cal/mole. 
: [ Ans : AG = —54 cal/mole] 

40. At 25°C, the e.m.f. of a galvanic cell [Ag(AgCI) —HCI—H,] was found to be 0.233 volts. 
When the chemical process occurring in the cell is carried out in a beaker, the heat of reaction 
AH = —17400 cal/mole of H;. Calculate the maximum work available from the Process in the 

. galvanic cell. What energy is used for operation of the cell? 
[Ans : Wigs = 10.7 Kcal. ; q = —6.7 Kcal] 


— 


A d CHAPTER V. 
THE STRUCTURE OF THE ATOM 


A. ELECTRON 


V.1. Dalton’s atomic theory should be regarded as the primary basis of chemistry 
as it grew up in the last century. Chemistry rests largely on this theory which 
clearly explains the observed quantitative laws of chemical reactions. But Dalton’s 
concept of indivisibility of the atom is, however, discarded by the discovery of 
various fundamental particles like proton, neutron, electron, etc, which consti- 
tute atoms of all elements. The idea about these particles resulted really from 
Faraday's famous work on electrolysis (1834). 

Faraday made an intensive study of the decomposition of solutions of salts, 
acids and bases by the passage of electric current. From these researches, he esta- 
blished the quantitative relations between the amount of electrolysis and the 
quantity of electricity. These relations are embodied in the well-known Faraday's 
Laws of Electrolysis, which indeed form a Keystone of chemistry. It was soon 
realised that the current was conveyed in the solution by charged particles or 
ions. Further it was found that one gm-equivalent of any element was deposited 
or dissolved by 96490 coulombs or one faraday () of electricity. The far-reaching 
significance of this discovery was first pointed out by von Helmholtz in 1881. 
Suppose we consider an element having valency m. Since one gm-equivalent is 
discharged by 7, one gm-atom will correspond to nf faradays of electricity. 
This amount of electricity (nf) is nothing but the charge borne by a gm-atom 
in its ionic state. A gm-atom carries a charge n7, in which n is a whole number. 
The ionic charges of all elements are therefore integral multiples of a certain 
unit since the number of individual atoms in 1 gm-atom is the same No (Avo- 
gadro number). A single ion therefore carries a charge which must be an integral 
multiple of 7/No. This means that the electricity is also atomic in character. This 
idea of atomicity of electricity was firmly corroborated from the study of the 
ionisation of gases. 


V.2. The Discharge of Electricity through Gases. It was known for a long time 
that gases at very low pressures, if subjected to high potential, become conducting 
and various luminous effects were observed. A typical apparatus to study these 
properties is shown in Fig. (V.1). It consists of an elongated tube closed at both 


ha Faraday Crookes 
Striations dark space dark Space 
YU 
l Ls 
Negative Cathode 
glow glow 


Fic. V.1 Electric discharge tube 


ends. Two metal electrodes are sealed inside at the two ends and there is a side- 
tube connected to a pumping system to reduce the pressure. If we take air inside 
and reduce the pressure to 1 mm (say) and apply a high potential the tube will 
be filled up with a reddish glow. On further reducing the pressure, say to 0.1 mm, 
there will be a fine glow around the cathode then a dark space called the 
Crookes dark space, then another glow (negative glow) followed by Faraday 

The rest of the tube will show the striations of positive glow up to 


ace. ES 
wah m de. The arrangement of the dark-spaces and glows varies with pressure, 
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When the pressure is much lowered (say, 0.001 mm), the Crookes dark space 
extends and fills up the éntire tube. In such conditions, a streak of rays, named 
cathode rays, emanate from the cathode and when they impinge on the opposite 
walls they produce a fluorescence there. The cathode rays have been very care- 
fully studied. They show many definite characteristics. 

The cathode rays, as just mentioned, excite fluorescence on the glass 
walls where they impinge. The rays travel in straight lines. This is confirmed 
by the shadows formed when objects are placed in their path, The cathode rays 
have a penetrating power and can pass through very thin metal foils. The rays 
are able to heat bodies by impact. They also possess a considerable momentum ; 
small paddle wheels placed in their path, at very low pressures, would begin to 
rotate. 

The cathode rays are deflected from their original path by the application 
of a magnetic or an electrostatic field. It means that the rays are associated with 
electric charge. From the direction of deflection, it is found that the charge 
accompanying the rays is a negative one. 

When the rays are allowed to impinge on matter, a different type of new 
radiation, called X-rays, is produced, Usually, a metal target, called anti-cathode, 
is suitably placed in the path of the cathode rays (Fig. V.2) when X-rays are emit- 

ted. The X-rays also are highly penetrating ; 
they are capable of ionising gases; they 
can excite fluorescence on substances like 
zinc sulphide. But X-rays are not deflected 
c in a magnetic or electrostatic field showing 
that they do not carry charges. In fact, 
these are electromagnetic waves, like light 
waves, but of very short wave-lengths. 
CX X-Ray Apart from the various general applications, 
pee the X-rays were of great help in the deter- 
mination of the atomic structure and the 
Fic. V.2 X-rays crystal structure. 

It is necessary to mention here that another kind of rays is also present in 
the cathode-ray tube. These rays seem to flow from the direction of the anode 
towards the cathode and if the cathode is a perforated one, they pass out through 
the cathode holes and are called positive rays or canal rays. 

The cathode rays were found to consist of charged material particles and are 
deflected by magnetic and electrostatic fields. That the cathode rays really consist 
of streams of negatively charged particles, called electrons, was first successfully 
established by J. J. Thomson (1897). He was the first to measure the ratio of 
the charge to the mass of the electron (e/m). 


V.3. Determination of e/m of Cathode rays. The experimental arrangement devised 
by Thomson is shown in Fig. (V.3). 


Fic. V.3 Determination of e/m (Thomson) 


A narrow beam of cathode rays emitted from a circular disc cathode C is allowed 
to pass through a narrow slit of the cylindrical anode A, along the axis of the 
cathode-ray tube. The pencil of cathode ray ultimately strikes a zinc-sulphide 
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screen S producing a fluorescent spot at P. Two parallel metal plates E, E' are 
placed inside the tube such that the beam passes in between them. A difference 
of potential say, V, is applied to the plates E E', when the ray is deflected and the 
fluorescent spot shifts from P to P'. Subsequently, a magnetic field H, produced 
by an electromagnet (shown by dotted circle) is also applied. The magnetic 
field will also deflect the beam. Applying the magnetic field perpendicular to 
the electric field and acting in a direction such that the deflection of the beam 
is opposite, the fields are so adjusted as to keep the beam in its original path, 
i.e., the fluorescent spot P does not alter. Suppose the mass, velocity and the 
charge carried by a particle are m, v and e, then the magnetic force acting on 
the particle is Hev and this is equal to the centrifugal force mv?/r. 
mv? i 
Hence, Hev — = EO) 


Again, if X be the electric field, the electric force is Xe, so that, under the condi- 
tions noted above, 
Hev — Xe, pe v = X/H ad oC) 
Substituting (ii) in (i), we have, 
elm = X|H?r 

where r is the radius of curvature of the path of the cathode ray beam under the 
magnetic field H and can be measured. ` 

The value of e/m obtained by Thomson was 1.76 x 10? emu/gm. Several 
other methods were applied and always the same value was found. Whatever 
the gas through which the cathode rays pass and whatever the material of the 
cathode from which they radiate, the ratio of the charge to mass is the same 
for all cathode rays. Measurements of e/m with electrons from other sources, 
such as emitted from hot filaments etc., gave practically the same value. This 
confirmed that the electrons formed a universal constituent of all forms of matter. 

The recent accurately determined value of e/m for an electron is 

elm = 5.27 x 101? esu per gm 

1.76 x 10% coulomb per kilogram. 


From Faraday’s laws of electrolysis, we can obtain the charge associated 
with unit mass of hydrogen in the ionised state. Are the electrons identical with 
charged hydrogen atoms except that the charge is opposite? A comparison of the 
e[m-values would be interesting. For hydrogen ion, the e/m value is about 1/1836 
of that of a cathode ray particle. Either the charge carried by a hydrogen ion is 
1/1836 times less than that of an electron or the mass of the hydrogen atom is 
nearly 1836 times greater than that of the electron, the latter being the most 
reasonable explanation. But the final confirmation may come only from the direct 


determination of the charge. 


VM 


v.4, The Charge of the Electron. In 1896 Wilson had shown that if ions are present 
in an atmosphere saturated with water vapour fine droplets of water condense 
on the ions, i.e., the ions act as nuclei for the condensation of the water droplets. 
This was utilised by Townsend and by Thomson in measuring the charge of the 
electron. Ions were produced in a gas stored over water by the passage of X-rays. 
A cloud of droplets was then formed by sudden expansion and cooling of the gas. 
It was presumed that every droplet was associated with only one jon, i.e., one 
charge and the conditions favoured condensation only on the negative charges. 
It was necessary to determine the number of droplets and also the total charge 
carried by the condensed cloud. By measuring the velocity of fall of the droplets 
in air and by applying Stoke's Law, the average size of the drops was determined. 
The total weight of the precipitated water was then determined from which the 
number of droplets was found out. For ascertaining the total charge carried by 
the cloud, the charged droplets were collected in a quadrant electrometer. It 
was estimated that the value of the unit negative charge, e = 6.5 x 10-1 esu, 
In spite of the liberal assumptions involved and the difficulties of experiment, 
the result obtained from their experiments was quite good. An accurate deter- 
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mination was rendered possible by Millikan during the years 1909—1916, by 
using a more refined method. 

Millikan’s Experiment. A diagrammatic sketch of Millikan's apparatus 
is given in Fig. (V.4). It consisted of a cylindrical vessel B, placed in a constant- 
temperature bath. Inside B there were two parallel brass plates X and Y, X being 
connected to a known steady high potential (say 5000~ 10000 volts) and Y being 
earthed. There was a pin-hole at the centre of the charged upper plate X. The 
pressure inside was controlled by a pump and a manometer. ‘A’ was an atomiser 
through which very fine droplets of an oil could be injected into the vessel. Two 
windows W, W were fitted to the vessel in the opposite walls, in the same line 
as the parallel plates. Through one window, a momentary beam of X-rays was 
introduced to ionise the gas in between the plates ; a telescope-eyepiece provided 
with a scale was placed at the other window. The space between the plates was 
ket illuminated by a light beam from which the thermal rays were cut off by 

ters. 

A droplet of oil, usually positively charged due to friction, sometimes during 
its sojourn, entered through the pin-nole of the plate X and came into view of 
the eyepiece. Its exact position at any moment could be easily ascertained with 
the help of the scale in the eyepiece. The droplet, after entering, moved down- 
wards towards Y, but the field was then applied by charging the upper-plate 
X and the drop would begin to rise towards X. When the droplet almost reaches 
X, the field was switched off and the droplet would move downwards under gravity 
until it would almost reach Y, when the field was again applied causing the droplet 
to move up. In this way, a droplet was moved up and down many times, some- 
times several hundred times. 


MANOMETER 


Fic. V.4 Millikan's apparatus 
It was found that the droplet while falling under gravity, took always the 
same time, namely 13.595 seconds to cover a distance of 0.5222 cms. The time 
was recorded with the help of a high-precision chronograph. But while moving 
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upwards, the droplet needed different time on different journeys under the same 
field (5051 volts). That is, 1ts velocity upwards varied from time to time. Obvious- 
ly, the charge on the droplet must have altered. A sample of the time-records 


would be illustrative. 


Serial No. of Time in seconds 
journey upwards (5051 volts, d —0.5222 cms) 


12.5 
124 
21.8 
34.8 
84.5 
84.5 
85.5 
34.6 
34.8 
10 34.8 
H 34.6 
21.9 


0-90 RUIT 


It is evident during the first and second trips upwards the charge on the 
droplet remained constant. On the third journey up, the rate was slow, the droplet 
must have picked up a negative ion. In the fourth and fifth upward journeys, 
more time was needed indicating further addition of negative charges. During 
the sixth and seventh trips, the charge remained constant. But in the eighth trip 
upward, the velocity suddenly increased indicating that the droplet must have 
taken up a positive 10n. Now, say, ) 


x, — velocity under gravity alone. 
x, = velocity under gravity and the field of strength (say) E. 
Then, xx. = mg/(Ee—mg) 


where e, the charge carried by the droplet of mass m. 
mg 
Hence, ONES. (x1 + xX) 


Since all the quantities on the right-hand of this equation were known, the value 


of e was easily determined. i 
Suppose xa was the velocity in the third upward trip (t = 21.8 secs) and x, was 
the velocity in the fourth trip (¢ = 34.8 secs) when the droplet had taken up an 


additional charge, then 
UES. m 
es = Ex, (x1 + x3) e = Ex, (x + x) 


iti Lu ded 
or the additional charge — Ex, x 0.5222 [sia El 


Putting the values of E, mg, x1... etc., the magnitude of this additional charge 
was found to be 4.77 X 10-1 esu. (The mass of the droplet is determined from its 
velocity under gravity by applying Stoke's law). f 

When successive values of Xs, Xs» Xe - - . etc., were put in the above equations, 
the value of the charge captured by the droplet was always practically the same 
i.e. (4.115 + 0.005) x 10-3? esu. This value did not depend upon the number of 
trips or on the nature of the gas ionised or oil-drop used, nor did it vary with 

ressure. This confirms the atomic nature of electricity. The magnitude of the 
charge of the electron, as recently determined, is 
e = 4802 x 107?? esu 
= 1.602 x 103? coulomb. 


Since we know, for an electron, e/m = 5.27 x 10" esu/gm. 
* the mass of the electron, m = 4.8 x 1077/5.27 X10! = 9.1x 10-?? gms. 
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The energy of the electron is e?/r, where r is the radius. Assuming the entire 
mass is electromagnetic, we have 
E = mc?, i.e, e?/[r — mc? 
(4.8 x 10-10)? , 
nor = ejm? = L—— uus = 28 x 1078 cms. 
dre me ox T0387 Toye 


The electron is indeed very small in mass and size. 


B. RADIOACTIVITY 


V.5. The history of atomic chronicle must also include another great discovery, 
namely, the phenomenon of radioactivity. In 1896 the French scientist Becquerel, 
while investigating the nature of mysterious X-rays discovered by Rontgen a 
few months earlier, found that a photographic plate wrapped in thick black paper 
was affected by a sample of potassium-uranyl-sulphate placed over it. In fact. any 
uranium compound would affect the plate though covered by paper and kept 
away from light. The obvious conclusion was that some radiations emanating 
from the uranium compound could penetrate through the cover and attack the 
photographic plate. This penetrating radiation had its source in uranium itself 
and Becquerel christened this amazing behaviour as ‘radioactivity’. The properties 
of these radiations were very similar to those of X-rays. They were highly penetra- 
ting, they affected photographic plates, they would ionise gases and would also 
induce flourescence in some substances. The rays are not influenced by heat, light 
or chemical composition. The property of ionising gases and making them conduc- 
ting became helpful in detecting and estimating them quantitatively. The rate of 
discharge of a gold-leaf electroscope by the air ionised by these radiations was a 
measure of their intensity. By applying this device, Marie Curie found that the 
activity of mineral pitchblende was far greaterthan what was expected of its urani- 
um content. In 1898 Pierre and Marie Curie actually isolated two new elements— 
polonium and radium—which were more radioactive compared to uranium, 
the heaviest atom known at the time. Soon after other radioactive substances 
were discovered, amongst them thorium, the second heaviest atom of the time. 
In 1900, Debierne and Giesel discovered actinium which was also radioactive. 
That the radioactive effects were essentially atomic was recognised early and this 
helped the isolation to a considerable extent. It was immaterial how uranium or 
radium was chemically combined. The same number of radium atoms will 
always have the same activity independent of the physical state or the environ- 
mental conditions. j 


V.6.  Radiations from Radioactive 
Substances. Inthe radiations emana- 
ting from radioactive substances, 
three different kinds of rays have 
been found, alpha-, beta-, and gam- 
ma-rays. Of these, a- and B-rays are 
deflected in magnetic and electrosta- 
tic field indicating that they consist 
of charged particles. The y-Tays are 
wave motions of very small wavelen- 
gths (like X-rays) and are not affec- 
ted by magnetic or electric fields. 
This difference can be very easily 
shown by a simple experiment, simi- 
lar to that originally done by Becqu- 
erel and others. In a deep groove in 
a block of lead, a minute quantity of 
a radioactive sample is taken (Fig. V.5). The lead pioch IS epLinane enn 


: : ll of the chamber opposite 
ber and a photographic plate (P) is fixed on the wa 
a T pen end E N, Now a strong magnetic field at rt. angles to the plane 


Fic. V.5 


v.6] THE STRUCTURE OF THE ATOM 247 


of the paper and in a direction away from the reader is applied, when a-rays are 

deflected to the left, B-rays to the right and y-rays remain undeviated, producing 
| dark images in the plate. h Ai > À 

a-rays. That the a-rays consisted of positively charged particles was imme- 

diately known from the nature of the deflection in a magnetic field of a given 

direction. The magnitude of e/m, ratio of charge to mass, of the a-particles 

was next determined by the same technique as applied in the case of cathode 
particles. For a-particles, the value of e/m was found to be 4820emu/gm. . 

To ascertain the charge or the mass of these particles further experiments 
were necessary. The charged particles can produce a scintillation or flash when 
they strike a zinc-sulphide screen. The number of flashes correspond to the number 
of a-particles. By this method, called the scintillation method, the number of 

| a-particles shot out from a given sample in vacuum through a narrow slit in a 


given time was counted. 
| There is also an alternative 


c method of determining the number 
X-Rays 7 Electrometer of a-particles with the help of a 
ec ^ Geiger counter (Fig. V. 6). In a 
i R cylinder containing air at low pres- 
sure (say 5 cms), a wire *X' is moun- 
Il ted parallel to the axis of the cylinder. G 


A potential is maintained between 
FE X and the cylinder walls. Through a 
Fio. V.6 Geiger counter thin Mica window A, the alpha 
j particles enter and ionise the gas 
inside. An ionisation current is set up and there is a momentary swing 
in an electrometer connected to x. From the swings in the electrometer, 
the a-particles entering the cylinder in a given time are counted. 
Rutherford and Geiger found that 3.57 x 10!" a-particles were emitted 
per second from one gram of radium. "ig B 
Next the total charge carried by the a-particles per unit 
time was determined by replacing the zinc-sulphide screen 
with a metal plate connected to an electrometer. The charge 
carried by one a-particle was thus found to be 9.3 x 107° esu. 
Hence the charge carried by an a-particle is twice the 
electronic charge, i.e., an a-particle carries two units of posi- 
tive EEUU was known, the mass of an a-particle was easily 
computed and found to be 6.6 x 10-*4 gms. The mass of a 
hydrogen atom is really 1.67 x 10-24 gms, hence an o-particle 
is four times as heavy as a hydrogen atom. We further know 
that the helium atom 1$ also 4 times heavier than a hydrogen 
atom. Thisled to the inference that an a-particle was a doubly- 
charged helium atom, a conclusion which was experimentally 
established by Rutherford and Royds (1909). An apparatus 
f as in Fig. V.7 was used for the purpose. In a thin-walled 
tube A, a quantity of radioactive gas radon was taken. An 
wider thick-walled glass-tube B, projecting upwards into a 
sealed capillary end tube C, surrounded A. The air from B 
and C was pumped out and the apparatus allowed to stand for EG V.7 Detection 
a few days. The a-particles emitted from radon passed Out of Helium from 
through the thin walls of A and entered B. The gas volume eode 
in B was compressed by introducing mercury through a side- 
tube when a-particles accummulated in C. An electric dis- 
charge between two electrodes (already sealed in C) was passed and the spectrum 
of the discharge was identified to be that of Helium. This confirmed that a-particles 
were charged helium atoms. azur a 
The a-particles are emitted with high velocities (1.6 x 10? cms/sec). The mass 
is also relatively large. It thus possesses high kinetic energy. The kinetic energy 
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of an a-particle from Radium C is about 1.2 x 10-5 ergs, i.e., 7.7 electron-volts. 
Because of the high energy content, the a-particles have great ionising power. 
The penetrating power of a-particles is smaller than B-or y-rays. The a-particles 
are stopped by a sheet of lead 1 mm thick, B-rays easily pass 3 mm thickness of 
lead and y-rays 15 cms of lead. 

-rays. The easy deflection of these rays in a magnetic or electrostatic field 
and also the identification of the charge delivered by them to an electroscope 
proved f-rays consist of negatively charged particles. These differ from the a- 
particles also in their greater penetrating power. These also affect photographic 
plates and possess the power of ionising gases though not as strongly as the a- 
particles. 

Kaufmann (1902) carefully measured the e/m ratio and also velocity of these 
particles. He found that e/m value was the same as that of the cathode particles. 

- The velocity of the -particles was found to vary depending upon the source 
from which these are emitted. Usually the velocity is quite high (2.83 ~2.36 x 10° 
cms/sec) often approaching that of light. The B-particles are thus really swift 
moving electrons. The mass of an electron of low velocity is about 1/1836 of 
that of the hydrogen atom. For a particle moving with very high velocities, the 
mass depends upon the velocity. Applying the theory of relativity, the mass of 
moving electron (m) will be given by ; 


m = me [1-197]? 


where m is the rest mass, v = velocity of electron, c = velocity of light. Thus 
the mass would be infinite if it moves with the velocity of light. For an ordinary 
-ray particle, the kinetic energy is.less and so its ionising power is less and their 
deflection in an applied electric field is also easier. 

y-rays. The y-rays have much greater penetrating power than a- or f-rays. 
The y-rays can be detected even after passing through 30 cms of iron. These 
rays are not deviated by a magnetic field and therefore carry no charge. In fact. 
the rays are electromagnetic waves of very short wavelengths ranging approxi- 


mately between 4 A to 0.04 A. They are thus comparable to X-rays and differ 
from the latter only in respect of their origin. The y-rays affect photographic 
plates and are capable of ionising gases though the effect is small. With an intense 
beam of y-rays, phosphorescence on a fluorescent screen has also been observed. 


C. THE ATOM 


V.7. Scattering of a-particles : Rutherford’s atom. The presence of free electrons 
was observed during discharge in gases and it was also established at that time 
that metals on being heated give off electrons. These proved that electrons were 
present in atoms. But an atom as à whole is neutral. Hence there must exist 
within the atom positive electrical charge. The emission of a-particles from the 
atoms of radioactive substances pointed to the possibility of existence of positively 
charged units within. z 

Meantime an experimental observation of great significance was made. At 
the instance of Rutherford, Geiger and Marsden studied the scattering of a-particles 
by passing them through thin metal sheets. A. beam of a-rays was allowed to 
pass through a narrow hole and then to strike a thin metal foil, say a gold leaf. 
The direction of motion of a-particles after emerging from the metal sheet was 
traced by allowing them to produce scintillations on a fluorescent screen. it was 
noticed most of the particles passed straight through the metal or suffer very 
slight deflection. This suggested that matter consisted largely of emptiness. But 
a few of these a-particles (about | in 8000) changed their direction quite sharply ; 
in some cases the deflection was more than 90°. Even in a few cases, the a-particle 
after the encounter moved backwards i.e., reflected back. The number of a- 
particles which were strongly deflected, was not large, but this number increased 
with metal foils with heavier atomic weights. 
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Now how such scattering of a-particles was rendered possible? The a-particles 

shoot out with a tremendous speed and to alter their direction of motion, a huge 

} acceleration must be imparted to it by the atom of the metal foil. To reverse its 

path would require enormous force. The impact of a-particles with electrons of 

the atom would not cause the deflection of the former, for, the mass of an a- 

particle is more than 7000 times that of an electron. When an a-particle passed 

close to an electron in the atom the former would impart energy to the electron 

sufficient to knock it out of the atom. The result would be a free electron and 

the residual atom with a positive charge (i.e., positive ion). This means, the a- 

particle would cause ionisation. It explains the great ionising power of the a- 
rays actually observed when passed through gases. 

For a scattering of more than 90°, the a-particle is required to approach a 
sufficiently heavy mass carrying powerful similar charge. Even assuming that the 
entire mass of the atom takes part in repelling the a-particle it was shown by a 
simple calculation from Coulomb’s Law that the a-particle must approach the 
charge within a distance of the order of 10™ cms. To explain the mechanism of 
the big deflections of the a-particles, it thus becomes necessary to presume the 
b presence of positive charges concentrated within a volume of diameter less than 
j 10-22 cms inside the atom. Moreover, practically the entire mass of the atom 

should also be concentrated within that volume. Only under these conditions, 

can an a-particle recoil or suffer large deflection (after colliding with a concentrated 

positive charge and a large mass). An impact of such type would be similar to 
the rebounding of a rubber ball from a big stone. 

i ns, Rutherford was led to propose a nuclear theory 


From these consideratio: 
for the structure of the atom (1911). The theory may be broadly summarised as 


follows. 

(i) The atom consists of a very minute nucleus at its centre in which is con- 
centraied practically the entire mass of the atom. The dimension of the nucleus is 
negligible compared to the radius of the atom. The radius of an atom is of the 


order of 10-5 cms and that of the nucleus 107? cms. 

(ii) The entire positive charge also resides in the nucleus. The positive charge 
is Ze, where e is the unit charge equivalent in magnitude to that of an electron 
and Z is the number of such units of charge existing in the nucleus. 

(iii) Outside the nucleus, there are Z electrons, called extra-nuclear electrons, 
so that the atom is ultimately neutral. These electrons move around the nucleus 
in different orbits constantly as otherwise the electrons would fall on the nucleus. 
The arrangement is thus quite similar to the Solar system ; the nucleus corres- 
ponds to the sun and the extra-nuclear electrons are like the revolving planets. 

d (i) The number of positive charges (Z) in the nucleus is the atomic number 
of the element and really represents the ordinal number of the position of the 
clement in the periodic table. Z is thus the atomic number and also the number 
of revolving extra-nuclear electrons of the atom. Atoms of all elements are struc- 
turally similar ; they differ only in the number of positive charges in the nucleus. 
The fundamental characteristic of an element is its atomic number Z. The chemical 

d properties of the element are however based on the extra-nuclear electrons and 
their A 

e arane Aen cuie of the nuclear atom, Rutherford proceeded to analyse 
| mathematically the a-ray scattering by thin metal foils. When a beam of a-particles 

! is allowed to pass through a metal foil, some particles may pass close to a nucleus 

while others at a greater distance. The effect is that the a-particles would be deflec- 

ted differently after traversing 2 certain thickness of matter. It was therefore 
necessary to calculate the number of particles scattered at different angles. Ruther- 
ford made a statistical investigation of the a-particles scattered at various angles. 

It must be realised that the scattering will also depend upon the thickness (7) 

of the metal foil as also its density. The higher the density the greater is the number 

(n) of atoms (or their nuclei) present 1n à given volume. An o-particle approaching 

a nucleus along the path AO towards a nucleus at O may be deflected along OB 

al direction (Fig. V.8). The deflection is due to the 


at an angle 0 from the origin: e h 
repulsive force governed by Coulomb's law between the charge Ze of the nucleus of 
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the metal atom and 2e of the a-particle. From 
these considerations, Rutherford derived the 


equation a A 
T 
Near Nott. 7 (a) * Sino 


where N is the number of a-particles out of 
total number Nọ scattered over 1 cm at a dis-  , 
tance r at an angle 0 ; m and v are the mass 
and speed of the a-particle. Fic. V.8 

An experimental verification of 
this equation, called the Rutherford 
equation, convinced the correctness 
of the nuclear concept. Geiger and 
Marsden determined the number of 
a-particles scattered at various angles 
with the help of an arrangement 
shown in Fig (V.9). 


A narrow beam of a-particles was 
allowed to come out from a groove in a 
lead block L and impinge on a thin metal 
foil F. After scattering, the particles struck 
a screen S; the scintillations so produced 

Fic. V.9 Geiger-Marsden apparatus for were observed by the microscope M. The 

verification of Rutherford equation whole system was mounted on a turn- 
table such that the microscope with the screen S may be fixed at different angles with respect 
to a fixed position of the source L and metal foil F. Air is pumped out of the instrument and the 
flashes on the fluorescent screen were counted at different position of the screen and microscope. 
Thus, it was possible to obtain the number of particles (N) scattered at different values of 0. 


The Rutherford equation could not be verified at the time straightway, for a 
direct determination of the atomic number Z was not then possible. Yet the vali- 
dity of the equation was established in other ways. ] 

(i) It was shown that Nx Sin*0/2 was a constant for different values of 0, 
which was a requirement of the equation. — el 

(ii) Using scattering foils of different thickness (t) it was observed that the 
number of scattered particles (N) at a given angle was directly proportional to f. 

(iii) In another set of experiments, the velocity of the incident a-particles 
was changed by placing thin sheets of mica between the source and the scattering 
metal foil F. The velocity was calculated from the relation R (range = avo). It 
was seen that Nvt was a constant when v was varied. This again was expected 
from the equation since N œ !/e?, at angle 9 where e = energy of the particles, 

The essential correctness of the Rutherford’s nuclear theory was thus esta- 
blished. A direct determination of the nuclear charge Ze was possible sometime 
later through the 
work of Chadwick 
(1920). a-particles 
from a source R 
(Fig. V.10) were 
allowed to be 
Scattered by a 
thinmetal foil PP’ 
which was taken 
in the form of an 
annular ring, The 
scattered particles 
Fic, V.10 Chadwick’s arrangement for a i Ze M tea a nee 

scintillations on a small screen S of known area placed on the axis 
E E in which RP is equal to SP. The total number of particles 
‘striking PP’ was known by counting the number reaching S directly from R. 
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direct rays from R were cut off by a thick 


When scattered rays were studied, the : 
was directly obtained from the Rutherford 


plate X. Knowing other constants, Ze 


equation. 
The results of Chadwick's experiments for some of the metals are given here. 


Element 


Nuclear charge 


Atomic number 


V.8. Moseley's Experiment : Atomic Number Determination. It had been known 
for sometime that when an element present In the anticathode was bombarded 
with cathode ray electrons the X-rays emitted were characteristic of the elements. 
In 1913, the young English physicist Moseley investigated systematically the spectra 
of the X-rays emitted by different elements. He used anticathodes made of the 
element to be studied or coate 
| ted from these anticathodes were 
anide and the resulting rays Were 
relative positions in the photograph, 
The outstanding fea- 
ture of the X-ray spectra 
was their simplicity and 
their great similarity to 
each other. In Fig (v.11) 
are shown the lines in the 
X-ray spectra of some 
neighbouring elements of 
the periodic table from 
potassium to zinc. ; 
The characteristic 
spectrum of each element 
was found to consist O 
two lines, one being Very 
prominent. called the Ka- 
line. (In reality each 0 
these two lines was a dou- 
blet closely spaced, ^e» 
A here were four lines). 
is pi wou- 
Fd reveal this Pine charac: Fig. V.11 X-ray spectra (K-series) 
teristic frequency of à line, s ¢ 
say Kolins i regularly, from element to element, i.e., with the ordinal 
number of the element in the periodic table. To pass from the spectrum of one 
| element to that of the next, it was only necessary to shift the frequency to the left 
by a definite amount. In other words, there was a simple relation between fre- 
quency of the line and the position in the periodic table. 

These lines were called the lines of the K-series. But when elements of com- 
paratively heavier atomic weights (beyond Neon) were taken, besides the K- 
series lines, another set of lines were obtained on diffraction called the L-series 
‘lines. With still heavier atoms» three sets K-, L- and M-series lines were obtained. 

By comparing the frequency (v) of the most prominent line in the spectrum 
of a series, Moseley established a relation between the ordinal number (Z) of the 
| element in the periodic table and the frequency v which was given by the expression 

v = a(Z—b)* 
where a and b are constants. But magnitudes of a and b were different for K-, L- 
| and M-series. For the lines of the K-series, a = 2.47 x 105 and b = 1. The 
relation may also be expressed in the form, 
vt = Z.at—bat 


d them with one of its compounds. The X-rays emit- 
diffracted through a crystal of potassium ferrocy- 
allowed to fall ona photographic plate. From the 
the frequencies of the lines were determined. 
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which predicts linearity between Z and V/v. This was realised, as shown 
in Fig. (V.12). 

That the ordinal number, 

28 ie., the atomic number (Z), is 

26 thefundamental characteristic 

of the element was obvious. 

24  Moseleys work immediately 

cleared two difficulties of the 

22 periodic table. There were 

L i20 instances where elements with 

higher atomic weight had to 

Thig be placed earlier than the 

elements with lesser atomic 

l6 weight, e.g., Argon and 

Re 14 Potassium, Tellurium and 

Jodine, etc. Such anomaly 

12 was removed when Moseley 

Cs— showed that atomic number 

10 of iodine was greater than 

SH cul that of tellurium though the 

65 85  Á 105 atomic weights were not so. 

The same was the case with 

Fic. V.12 other anomalous pairs. 

Again, from the blanks in the atomic number-frequency curves Moseley 
postulated that four elements of atomic numbers 43, 61, 72 and 75 remained to be 
discovered. These missing elements have since been discovered. 

We shall see in a subsequent section how Bohr developed the Rutherford 
concept of the nuclear atom and explained the frequencies of the lines in the atomic 
spectra. Bohr showed that if Z’ is taken as the nuclear charge, the frequency of 
the lines in a series of the optical spectra (Lyman series) may be expressed by the 
relation, i 

=. BY pba Pm eee 1 ARD —]1)2 
v = Re(Z'—1) (ss >) = | Re. Z'—1) 
where R and c (velocity of light) are constants. This relation is the same as that of 
Moseley's K-series frequencies, It may then be concluded that Z = Z’, i.e., atomic 
number, represents the charge in the nucleus. 


V.9. The Nucleus. Hydrogen has the simplest atom with only one electron revolving 
around its nucleus. The nucleus of a hydrogen atom therefore carries a unit 
ositive charge. When the electron of this atom is removed, the bare nucleus with 
a unit charge and a mass practically the same as that of the hydrogen atom (since 
mass of the electron is negligible) is left and is called a proton. The proton is a 
fundamental particle of unit mass (in atomic wt. units) with a unit positive charge. 
The positive charge of the nucleus of atoms of other elements consists of two or 
more protons. Helium (at. no. 2) has two units of positive charge in its nucleus. 
That is, there are two protons in its nucleus. Similarly, an atom of sodium 
(at. no. 11) has 11 protons in its nucleus. d 
We have seen that the entire mass of the atom is concentrated in the nucleus, 
the weight of the extra-nuclear electrons being negligible. But except in the case 
of hydrogen, the protons alone cannot account for the total mass of the same. 
For example ; helium atom 1$ 4 times as heavy as an atom of hydrogen, hence 
helium nucleus must be 4 times heavier than a proton. But, helium nucleus con- 
tains 2 protons, which accounts for two units of mass. The other two units must 
have been due to other particles. Similarly, oxygen (at. no. 8) has 8 protons in 
its nucleus. But the atomic wt. of oxygen is 16, which means that its nucleus is 
16 times heavier than a proton. The other 8 units of mass must have been then 
contributed by other particles. These facts lead to the inevitable conclusion that 
in the nucleus are also present other heavy particles having no electrical charge. 


l 
5 2/5 8405 
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We now know there are i 
present in the nucleus electrically n i 
; i eutral i 
aimes! ere mass as that of the proton. These bie Nu having 
ence of the neutron was predicted much earlier, its discovery an He 
e by 


Shadwick only in 1932. 
. In 1930 Bothe and Becker observed that if boron i 
nh a-particles, a highly penetrating radiation HET ES a barge? 
eflected in a magnetic field, the radiation was regarded asa ion Sir 
Soon after, Curie-Joliot showed that when hydrogen-containing com d 
as hydrocarbons, were bombarded with this radiation, protons were ied Suen 
hydrogen nucleus contains a proton only, the phenomenon could not b c. 
of disintegration. The proton is ejected from a collision with this radi RE A 
1932, Chadwick made a thorough investigation of the number and r: kd a 
ejected protons and concluded that the neutral radiation emitted OP, oh the 
could not be y-rays. The radiation consists of uncharged particles h AD 
almost equal to that of a proton. Since then much work has been dede. na it 
is now established that the mass of the neutron is 1.00898 (when O — 16. 00 rans 
The atomic nucleus therefore contains two kinds of particles—neut A 
protons*. Only the simplest nucleus, namely that of hydrogen, has no rons ani 
The number of protons represents the charge and hence the atomic Raa Reo R 
| element. The total number of protons and neutrons together represent An orme 
| of the atom. Thus, in carbon (at. no. 6, and at. wt. 12), there are 6 prot nl 
6 neutrons in its nucleus. In chlorine (at. no. 17, at. wt. 35.5), 17 p Her. ai 
18 neutron, constitute the adei i Xe 
he size of the nucleus is indee very small, its diameter is = 
| cms. In such a small compass, all the protons and neutrons A t ea 
| What holds the nucleus together? Normally the protons should repel o pees: 
because of their charge. There must then be some other force which peii 
the coulombian repulsion and provides stability. To explain this rage 
believed to be correct. The pares 


1935, proposed a theory which is now 
neutrons and protons—ate held together by what is termed as ‘exchange force’ 


These forces are extremely short-range and in close proximiti i 
long-range electrostatic repulsion. So that when the CN He eigh d 
10-1? cms the attraction between proton—proton, neutron—proton or order of 
neutron is practically the same. In virtue of the exchange force there is neutron— 
interchange, within the nucleus, between neutron—proton, proton— ie consiant 
even between two protons Or two neutrons. In fact, the particles. eer ron or 
protons, are regarded as the two different states of the same Aires Extent vum and 
now called nucleon. Yukawa further showed mathematically that such il. particle, 
between neutron and proton would be possible only through a small ea stake 
d particle, which was named a meson. That means two nucleons are held t ediate 
through the sharing of a meson. The mesons are subatomic particles an eared 
-mesons (or muons) or 7-mesons (or pions). These have 

mass of 200~300 times that of an electron 


different types ; €.» K 
extremely short lives and possess a n 

tive z-meson and would become a neutron 

> 


Thus, a proton would release a pos! 
would release a negative 7-meson and become a proton or 


whereas a neutron 


vice-versa, as indicated below. 
—7t =n n—m- =p 


i DON d : ouem —n 
There may also be an exe ange of uncharged meson (z^) betw 
or two neutrons, such as Gs een two protons 
ny e n +r ; Pi Spine 
aximum support from the subsequent discovery of 
: OIN. mes 
ilar mass and exhibiting tbe same properties. [ee E onom 


eyed that in the nucleus are present protons and electrons, Th 

ns to give the nucleus a positive residual charge. An atom of atoi ie 

wt. A was supposed to have A protons in the nucleus along with X electrons, such that 4 x. "5 
The number of electrons outsidé the nucleus is alio 


Z, Z is the atomic number of the element. 
Z. The acceptance of this view led to some improbable deductions, for whi 
ich t 
be rejected, especially when the neutron was identified. he theory had to 


| The theory has its m: 
cosmic rays with sim 

*Ai one time it was beli 
was always an excess of proto 
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. - The first radioactive element discovered is uranium. It is an 
MEAE. A The 6th group of the periodic table with the atomic number 92 and 
atomic mass 238. It emits spontaneously an a-particle to be transformed into Ura- 
nium-X, (i.e., UX,). The daughter UX, will have an atomic mass 4 units less and 
charge 2 units less than those of uranium (i.e., at. wt. = 234, at. no. = 90). UX, 
is also radioactive and emits a B-particle to produce UX,. Due to loss of a B-particle 
the nuclear charge will increase by unity, the mass remaining the same. UX, in 
its turn is transformed into Un by ejecting a B-particle and so the Process continues 
until finally the non-radioactive lead is formed. At each stage either an a- or a 
B-particle is emitted. When an a-particle goes out, the mass decreases by 4 and 


charge by 2 units ; when a f-particle is ejected the mass remains unaltered but 
charge increases by unity. 


a 
238[J,—_> EUUX —> UX, —> Un 
This chain of consecutive radioactivi 
commonly called the Radioactive series 


a 
> *"Io— 5 226Ra__> etc, 
e transformation from uranium to lead, 
of Uranium, is described below indicating 
also the variations in mass and cha 


rge (i.e., atomic number) of the nucleus. Radium 
is but a product in this chain being derived fron Ionium (Io) and being disintegra- 
ted to Radon (Rn). 


TABLE : RADIOACTIVE SERIES OF URANIUM 
Name and Symbol Particle Atomic Atomic 
emitted mass number 


Half life 


Uranium I, (U) 


a 238 92 4.6 x 10? years 
Uranium X;, (UX;) B 234 90 24.1 days 
Uranium X,, (UX;) B 234 91 1.14 min. 
Uranium II, (Uy) a 234 92 2.7 x 105 years 
Tonium, (Io) a 230 90 8.3 x 10! years 
Radium, (Ra) a 226 88 1590 years 
Radon, (Rn) a 222 86 3.8 days 
Radium A, (RaA) a 218 84 3.0 min. 
Radium B, (RaB) B 214 82 26.8 min. 
Radium C, (RaC) P, a 214 83 19.7 min. 


B Ne ; 
Radium C’ Radium C’’ 214, 210 84,81 10-4 sec/1.3 min. 
A 


S] 
EJ 


Radium D, (RaD) B 210 82 22 years 
Radium E, (RaE) B 210 83 5 days 
Radium F, (RaF) a 210 84 140 days 
Radium G, (RaG) (Pb) x 206 82 Stable 


Two other radioactive series met with in nature start With Thorium and 
Protoactinium. These series are also giv 


en here. 
TABLE : RADIOACTIVE SERIES OF THORIUM 
Name and Symbol Particle Atomic Atomic 


Half life 
emitted mass number 
TIN uA Toran TRY pes aes 3 32 


a 232 90 14 x 10" years 
Mesothorium, (MsThr) B 228 88 6.7 years 
Mesothorium, (MsThir) B 228 89 6.13 hours 
Radiothorium, (RaTh) a 228 90 1.9 years 
Thorium X, (ThX) . a 224 88 : 3.65 days 
Thoron (Tn) a 220 86 55 sec 
Thorium A, (ThA) a 216 84 0.16 sec 
Thorium B, (ThB) B 212 82 10.6 hours 
Thorium C, (ThC) B, c 212 83 1 hour 

BIN 
Thorium C’, Thorium C'^ a, B 212,208 84, 81 


3X 10-? sec./3 min. 


DYA 


(Thorium D) Lead, (Pb) 


208 


82 Stable 
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TABLE : RADIOACTIVE SERIES OF ACTINIUM 


Particle Atomic 


„Atomic Half life 


Name and Symbol 


emitted mass number 
Protoactinium, (Pa) a 231 91 3.2 x 10* years 
Actinium, (Ac) B 221 89 13.5 years 
Radioactinium, (RaAc) a 227 90 19 days 
Actinium, X, (AcX) a 223 88 11.2 days 
Actinon, (An) a 219 86 3.9 sec. 
Actinium A, (AcA) LÀ 215 84 1.8 x 107? sec 
Actinium B, (AcB) B 211 82 36 min 
Actinium C, (AcC) B, a 211 83 2.16 min 


a 


Actinium C’, Actinium oK a, B (211, 207) 84,81  5x10-?sec./4.7 min 


x 207 82 Stable 


Actinium D (Lead) (Pb) 
The entity of an element is solely determined by the nuclear charge, i.e., the atomic 
number. In other words, the properties of an element are fundamentally based _ 
on the atomic number. A glance at the radioactive series will reveal that there 
are radioactive elements, genetically connected, which have the same atomic number 
but with different atomic masses. Since the atomic number is the same, there 
shall be identity of properties. Ur and Un will bear this out. Both. have atomic 
number 92, but their atomic weights are 238 and 234, and these two have different 
radioactivity. Many other such examples may be easily found. Now, the atomic 
number is the ordinal number of the position of an element in the periodic table. 
Both Ur and Uu therefore should be given the same place in the periodic table. 
Their identical properties also demand the same. Such groups of elements which 
differ in atomic masses but have the same atomic number have been given the 
name ‘isotopes’ by Soddy. —, — ' ; d 
Experimental evidence indicating the existence of isotopic elements had 
already accummulated even before such a possibility could be realised from the 
study of radioactive series. A very careful estimation of the atomic weight of lead 
obtained from different sources showed a considerable variation. Lead obtained 
from thorite was found to have an atomic weight of 207.69 while that from uranium- 
containing ore was 206.08. This is also the expectation from the disintegration 
of the TS series cited above. Atomic weight of lead from non-radioactive 
is 207.2. 
Boeken Ionium, parent of Radium, was discovered by Boltwood (1906), he 
found that its properties were identical with those of thorium. When their salts 
were mixed, attempts to separate. them failed. Moreover, the spectra of the two 
elements were identical (i.e., atomic number is same). And yet their atomic masses 
were different. Many other instances of complete identity of properties and their 
inseparability were noticed, e.g., Radium-D, Thorium-D and Lead ; Uranium -I 
and Uranium-Il ; Radioactinium and Thorium, Radium and Mesothorium is 
etc. The three gaseous emanations had also been found to have identical pro- 
i logous to inert gases. 

ui: is easily OT in isotopic elements the number of protons must 
be the same as the atomic number is the same. Since the atomic mass is different, 
the number of the constituent neutrons must vary. Thus, in the different varieties 
of lead, the number of protons 1s always 82 but number of neutrons are 122, 124, 
125, and 126. In other words, the association of different number of neutrons 
with a definite number of protons gives rise to isotopes. _ i 

Though the isotopes were first detected with radioactive elements, most 

other non-radioactive elements haye been shown to have isotopes. Attempt to 
confirm different mass in the atoms of the same element experimentally began 
with the investigations of Thomson and met with extra-ordinary success. 


È itive Ray Analysis. Thomson was studying the effect of magnetic and 
dd ficlds on fhe positive rays or canal rays coming out through the perforated 
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cathode of the cathode ray tube: These beams consist 


15 consist of positively charged parti- 
cles and are deflected from their normal Straight line path by electric or magnetic 
fields. 


Suppose such a beam strikes this paper from above vertically and it is subjected 
to an electric field X and also a magnetic field H acting simultaneously. The 
fields are so applied that a particle normally striking at O will be shifted to the 
right at X due to electric field and towards the top to the position at Y due to the 
magnetic field (Fig. V.13). 


OX = & 35; oy = x, He 


where e = charge associated with the particle of mass m having a velocity v. The 
resulting position of the particle will be at P. 


2 2 
Evidently, oy: a e 


OKR N oe 
If we have a number of particles with different 


/ velocities but with the same 
e[m ratio and if these are subj 


ected to the given electric and magnetic fields, 
OE — constant 
OX . 
which is the equation of a parabola. Since v is different, OX and OY would be 
different indicating different positions for P. P will thus describe a parabola as 
Shown in the figure. 


If a beam of particles with a different e/m ratio come into 
the same fields, they would also form a parabola Q, but 
different from the previous one. For, 


OY H? ae Oe H e 
(OX) mir days in rr TS ore 


assuming that charges carried by the two sets be the same. 
It is easily seen that if different parabolas are experimentally 


realised by applying same fields, there must be pårticles 
having different e/m ratios. The relati 


? ve values of the 
masses of the particles can also be estimated from the 
curves. 


A diagramatic sketch of the apparatus used Uy Thom- 
son is given in Fig. V.14. He used a long cathode C havinga 


PeO: € space S was immediately 
f i subjected to simu aneous strong magnetic and electro- 
Sica static fields H and X working in parallel. Afte xm 


3 A 0 emu pe H 
corresponded to the electrolytic value of H* ions. This parabola ee oe 


other para- 


Iscrete masses. 
» Thomson obtained 


i d. J ; another relativel faint 
him at a position which would correspond i mass 


avoiding all other possibilities of error, Thomson 


While experimenting with 
an intense parabola at the posi 
parabola was also detected by 
22. By a careful examination 
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concluded that Neon had particles of two different masses of 20 and 22. This 
indeed was the first confirmation of the existence of isotope in a non-radioactive 
element. Aston tried.to separate the two isotopes of neon and carried out conti- 


Cooler 


Fig. V.14 Thomson's positive ray apparatus 


nuous fractional diffusion of neon through clay-pipe tubes. After innumerable 
times of repetition, at last he obtained two samples of neon having mol. wts., 
thods, of 20.15 and 20.28. This confirmed the truth of 


established by density me f 
the two positive ray parabolas for neon isotopes. The two forms had the same 


spectra and behaved identically otherwise. . 
Aston’s Mass Spectrograph. Considerable improvement on Thomson’s 


parabola technique was made by Aston (1919) with an arrangement since named 
Aston’s Mass Spectrograph. A narrow beam of positive rays emerging out of a 
pierced cathode was rendered into an extremely fine ribbon by passing through 
co-axial slits (s; and sa) of approximately 0.02 mm diameter. This fine beam then 
entered into an electric field maintained by two capacitor plates P, and P, and was 
deflected (Fig. V.15). The different particles, even with same mass, were deflected 
differently as the velocities differed, i.e., the beam spread out. A portion of this 
spread out rays then passed through a small opening of a diaphragm D and were 
subjected to a magnetic field H in such a way that the particles were deflected in 
the same plane but in an opposite direction. The result was that the spread out 
rays would tend to converge. In fact, by proper adjustment of the apparatus and 
careful manipulation of the applied fields, it was possible to converge the rays 
(having particles of the same mass) at a point P on a photographic plate, where 
a sharp line was obtained. For particles with a different mass, a separate line 
would be formed. In fact, there would be distinct lines on the photographic 
plate for each kind of particles, like the lines of an optical spectra. Hence, this 
was termed mass spectrograph. In fact, different lines were formed on the plate P. 


Fig. V.15 Principle of Aston’s Mass spectrograph 


The mass of the particle corresponding to a line was evaluated by comparing with 
a line produced by particles of known mass, say O* — 16, or C* — 12. 


17 
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With the mass spectrograph, it was not only possible to detect the isotopes of an 
element and their relative abundance in a sample, but also the masses of the iso- 
topes with an accuracy of one in ten thousand*. Later more refined and different 
mass-measuring techniques were developed in the hands of Dempster, Bainbridge, 
Nier etc. We may describe here the Bainbridge technique. i 

Bainbridge’s Mass Spectrograph. His technique is based on the fact that if 
a beam of ions all having the same velocity be subjected to a magnetic field, the 
particles would deflect and separate into groups having the same e/m values. 
A fine pencil of positive rays emerging out of two narrow slits (s, and s;) is led 
into a velocity-selector S, which consists of two parallel plates P,, P, between 
which an electric and a magnetic field are applied. The fields are So adjusted 
that the deflections take place in opposite direction. Only those particles which 
are undeviated by the fields would come out of the exit L of the velocity selector 
(Fig. V.16). These are the particles which are affected equally but in opposite 
directions. The velocity (v) of all these emerging particles is given by v = X/H 
where X is the electric and H is the magnetic field. (see Sec. V-3). These particles 
then enter into a uniform powerful magnetic field O (15000 gauss), so that these 
are deflected fully into a semicircle. The radius of this Curvature is given by 
rs 


jq. Where Ho is the magnetic field. Since v, H, and e (assuming equal 
eH, 


charge) are constant, the radius will be directl 
particle. That is, the particles of different m 
semicircles. Each group of particles of a de 
through L and focus at a point forming a li 
there. The distances LK, LK’ are thus meas 
different groups. The series of lines indicate 
Masses can be accurately evaluated also. 


y proportional to m, 
will be deflected through different 
finite mass strikes the plane KK’ 
ne on a photographic plate placed 
ures of the mass of the particles of 
the existence of isotopes and their 


mass of the 


Fic. V.16 Bainbridges’ mass spectrograph 


With the help of these methods, it has now been 


possible to establish definitely 
that most of the elements have a number 


of stable isotopes. Only a few such as 


a_a 


*For an approximate calculation, see Tolansky : Introduction to atomic physics, chapter 
IV. 


Ref : Aston ; Mass spectra and isotopes, 1942. 
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Be, Al, Au, Bi etc. have no isotopes. In the table below are listed the non-radio- 
active elements with their isotopes. 


TABLE : THEISOTOPES OF NON-RADIOACTIVE ELEMENTS 


Element At. No. Isotopes | Element At. No. Isotopes 

H 1 As? Cd 48 106, 108, 110, 111, 112, 113, 
He 2 3,4 114, 116 

Li 3 6,7 In 49 113, 115 

Be 4 9 Sn 50 112, 114, 115, 116, 117, 118, 
B 5 10, 11 119, 120, 122, 124 

c 6 12, 13 Sb 51 121, 123 

N 1 14, 15 v EE 120, 122, 123, 124, 125, 126, 
o 8 16, 17, 18 128, 130 

F 9 19 I 53 127 

Ne 10 20, 21, 22 Xe 54 124, 126, 128, 129, 130, 131, 
Na 11 23 132, 134, 136 

Mg 12 24, 25, 26 Csh 55 133 

Al 13 27 Ba 56 130, 132, 134, 135, 136, 137, 
Si 14 28, 29, 30 138 

P 15 31 La 57 139 

s 16 32, 33, 34, 36 Ce -58 136, 138, 140, 142 

cl 17 35, 37 Pr 59 141 

A 18 36, 38, 40 Nd 60 142, 143, 144, 145, 146, 148, 
K 19 39, 40*, 41 150 

Ca 20 40, 42, 43, 46, 48 Pm 6l 147 

Sc 21 45 Sm 62 144, 147, 148*, 149, 152, 154 
Ti 22 46, 47, 48, 49, 50 Eu 63 151, 153 

v 23 51 : Gd 64 152, 154, 155, 156, 157, 158, 
Cr 24 50, 52, 53, 54 . 160 

Mn 25 55 : Tb 65 159 

Fe 26 54, 56, 57, 58 Dy 66 158, 160, 161, 162, 163, 164 
Co 27 51,59 Ho 67 165 

Ni 28 58, 60, 61, 62,.64 Er 68 162, 164, 166, 167, 168, 170 
Cu 29 63, 65 Tm 69 169 

Zn 30 64, 66, 67, 68, 70 Yb 70 168, 170, 171, 172, 173, 174, 
Ga 31 69, 71 176 

Ge 32 70, 72, 73, 74, 76 La 71 175, 176* 

JS 33 15 HE 72 (172), 174, 176, 177, 178, 179 
Se 34 74, 16, 71, 78, 80, 82 180 

Br 35 79, 81 Tan 73 181 

Kr 36 78, 80, 82, 83, 84, 86 w 74 180, 182, 183, 184, 186 

Rb 37 85, 87° Re 75 185, 187% 

Sr 38 84, 86, 87, 88 Os 76 184, 186, 187, 188, 189, 190, 
Y 39 89 192 

Zr 40 90, 91, 92, 94, 96 je aif 191, 193 

Nb 41 93 REMES 192, 194, 195, 196, 198 
Mo 42 92, 94, 95, 96, 97, 98, 100 Au 79 197 

Te 43 99 Hg 80 196, 198, 199, 200, 201, 202, 
Ru 44 96, (98), 99, 100, 101, 102, 104 204 

Rh 45 101, 103 TI 8 203, 205 

Pd 46 102, 104, 105, 106, 108, 110 Pb 82 204, 206, 207, 208 

Ag 47 107, 109 Bi 83 209 


*These have weak radioactivity with long half-lives. 


.12. Separation of Isotopes. Because of their identical chemical properties, 
aun of isotopes by chemical methods generally failed. Isotopes have how- 
ever been separated by application of physical methods ; some of these are men- 


tioned here. 
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lectromagnetic Separation. Positive rays containing the isotopes were 
first Oot eu electric field and then led into a powerful magnetic field, 
which causes a deflection of the beam. The particles of the positive beam however 
form groups of different masses which spread out at different angles under the 
magnetic field as in Bainbridge method. These different groups are collected in 
separate receptacles. The electromagnetic procedure proved to be an efficient 
one and was successfully employed in separation of both light and heavy iso- 
topes. The outstanding case is its application in the large scale separation of 
?38U and ?95U. ’ : 1 
(b) Diffusion Method. Through a porous barrier a gas diffuses at a rate which 
is inversely proportional to the square root of its molecular weight. The mixture 
of isotopes (or their compounds) in the gaseous form are allowed to diffuse through 
a clay-pipe tube when the diffused gas is enriched in the lighter material. The 
separation factor (s) of a process is the ratio of concentration of two species after 
processing to that before processing, i.e., 


where (c;, c;) and (c,’, c3’) are concentrations before and after processing. Fora 
single stage of diffusion, by Graham's Law, 


s= (mmy 


uccessive diffusions, often 
In 1932, Hertz employed a cascade of 48 diffusion pumps 


a ng a sample of neon with 
the composition 99 % **Ne and 1 % **Ne. The method has been employed n many 
other cases. By Successive diffusions, hydrogen of mass 2. (Le, heavy hydrogen 
?H) was practically completely separated from the lighter isotope, the normal 


Separation of ***UF, and ***UF, in which the former is present to an extent of about 0.7 25 
has also been successful with this method. For a single stage, the separation factor is s = V 352/349 


= 1.0043 theoretically. In isolating 99% **°UF, the factor should be s= pd = 14100 times. 
It means many thousand diffusions would be necessary, 
atomic plant project. . 


(c) Thermal diffusion method. In 1938, Clausi 
long vertical pipe with an electrically heated wire running down its axis to Separate 
isotopes. The walls of the pipe were kept very cold. When a mixture of isotopes 
in gaseous form, is led in, thermal diffusion causes concentration of lighter 
component near the hot wire and the heavier com: 

Moreover, due to thermal convection, the heavi 
along the cold wall while the lighter component 
there are two streams moving in opposite diecti 
ofa component igotope. With onloritie gas, 
was possible with this method. The method has increasin, icati 

its cident simplicity and effectiveness. 8 applications now for 

(d) Evaporation method. That the rates of evaporation of isotopic atom 
(or molecules) from a mixture are inversely proportional to the square roots of 
their masses has been taken advantage of in separating them, Lighter atoms would 
leave the surface more easily leaving the residue richer in heavier component 
The evaporation has to be carried out at a very low pressure so that the atoms 
evaporated may not return to the surface. Bronsted and Hevesy and later Honigs- 


which however have been achieved in 


us and Dickel used a 36-metre 
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chmid and Birkenbach, distilling mercury at a low pressure successively obtained 
fractions differing appreciably in their densities. 

Keesom used this method in separating heavy hydrogen. Ordinary liquid 
hydrogen, containing 0.0275 heavier isotope, was subjected to fractional distilla- 
tion with an efficient rectification column. In the final sample of the gas, he could 
obtain about 1.597 of heavy hydrogen. 

(e) Electrolytic method. Washburn and Urey (1932) found that water in the 
commercial electrolytic cell which was in use for several years had a higher density 
and in fact contained a greater proportion of °H, heavy hydrogen. During elec- 
trolysis of aqueous solution, the lighter isotope of hydrogen 1H, is preferentially 
evolved (due to its low overvoltage) and the residual liquid contained a greater 
proportion of the heavier isotope, *H. Starting with 20 litres of water from old 
electrolytic cells, Lewis and Macdonald electrolysed it until the volume was reduced 
to 0.5 c.c. This residue was found to have a density of 1.073 containing nearly 
70% of heavy water, *H3O. Subsequently this electrolytic method has been emplo- 
yed on a commercial scale to produce almost pure heavy water, so necessary for 
controlling chain-fission of uranium. This is usually achieved by electrolysing 
0.5 NaOH solution with Ni-electrodes repeatedly. 

) Separation by exchange reaction. Different isotopic species of an element 
exhibit the same chemical properties but the rates of a chemical process differ 
somewhat with the different species. In competing reactions, the heavier isotope 
reacts more slowly. This is particularly noticeable with isotopes of lighter elements. 
The difference in reactivity has been used in concentrating isotope with the help 
of isotopic exchange reaction. In such a reaction an isotope in one compound 
exchanges with another isotope of the same element in another compound. If 
the chemical reactivities of both the isotopes were the same, the equilibrium 
constant would be unity. But in actual experiments, the equilibrium constant 
is greater than unity. Urey and Thode concentrated 15N by passing ammonia 
gas through ammonium nitrate solution trickling down a glass-bead-packed 
tower when an exchange of the following type took place : 


BNHa, + “NH; = “NH,,,, + NHG y K = 1.033 
Evidently !5N will increase in proportion in the solution. In fact a concentration 


of.70% N could be obtained in the solution. Similar concentration has also been 
d with isotopes of carbon and oxygen in the processes : 


achieve 
(a) 3CO ?CO, = |CO +00, ; K = 1.086 
(b) HUCN --FPCN- = H®CN +!”CN-; >: K = 1.026 
(c) ?90, + Hj*O = 180, + 2H,1°0 ; K = 1.012 
(d) 450, + HO = 3890; + H;*O , K = 1.028 


V.13. Deuterium ; Heavy Hydrogen. Ordinary hydrogen consists of a mixture 
of atoms of mass 1 and of mass 2. This has been confirmed by mass spectrographic 
measurement. The proportion of the heavier atoms in ordinary hydrogen is really 
small, about 1 in 6500. In the preceding section we have already seen the methods 
of separation of these two isotopes—particularly with the help of prolonged elec- 
trolysis of the liquid from electrolytic cells or by fractional distillation of liquid 
hydrogen. In the case of heavier elements the relative variation in the mass of 
isotopic species is quite small, e.g., in lead (206, 207, 208), the variation is 
within 197 practically. But in the case of hydrogen, the mass of one kind is double 
that of the other species. Because of this there is some marked difference in the 
properties of the two isotopes of hydrogen ; and so the heavier variety, com- 
monly called heavy hydrogen, has been given a separate name deuterium with 
the symbol D. The water in which this isotope occurs is called heavy water, D,O. 
Since the atomic number of the elementis 1, the lighter isotope has only one proton 
in the nucleus, while deuterium nucleus must contain one proton and one neutron, 
The difference in the properties of hydrogen and deuterium and of water and 


heavy water is illustrated in the table below. 
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TABLE 


B. pt. Heat of Heat of Molar 
°K fusion vaporisation volumes 
217.7 cals 26.15 c.c. 
Hydrogen, 20.38 28 cals : 
Deuterium, 23.50 47 cals 303.1 cals 23.17 c.c. 


Density F.pt. B. pt. Surface Viscosity 
at 20°C XG} 2G tension (20°C) X 10*(20*C) index (20°C) 


Refractive 


Water. 0.9982 0.00 100.00 72.75 dyne/cm 10.01 


1.33300 
Heavy water 1.1059 3.82 101.42 67.8 12.6 


1.32844 


V.14. Packing fraction : Mass defect. (a) Whole number rule. As long ago as 1815 
Prout had suggested that all elements were built up out of hydrogen atoms associa- 
ted in different numbers. The hypothesis was discarded when many atomic weights 
were found to be non-integral, such as Cl — 35.4. About a century later when 
isotopes were discovered the atomic masses were found to be nearly whole numbers. 
Thus, chlorine was found to be mixture of atoms of masses 35 and 37. Neon 
(20.2) is a mixture of atoms having mass 20 and mass 22. Even elements whose 
atomic weight appeared to be integral were found to consist of minute proportion 
of isotopes. Oxygen (16) is found to be really accompanied with 0.275 of oxygen 
mass 18 and 0.047; of oxygen mass 17. 

On the nuclear theory of the atom, hydrogen atom has one proton and one 
electron, the mass of the latter is negligible. All other atoms have nuclei made up 
of protons and neutrons ; the weight of a neutron is almost the same as that of 
a proton. Neglecting the mass of the electrons of the atom, its mass is thus an 
integral multiple of that of the hydrogen atom. Prout's hypothesis is therefore 
generally acceptable in a modified form. 


(b) Packing fraction. With the use of mass spectrograph, very precise deter- 
mination of atomic masses became possible. Aston found that in most cases there 
was a slight deviation from whole number for the mass of an isotope. The nearest 
integral number called the mass number (A) is indeed the sum total of the numbers 


of protons and neutrons. The deviation from the whole number varies from nucleus 


to nucleus and Aston expressed it in terms of packing fraction defined as 


5 n isotope mass — mass number 
4 
packing fraction = massmamber x 10 


co 
o 


The packing fraction is often 
negative but s 


s ometimes positive 
aa also. (Fig. V.172). egative 
2 fraction implies stability of the 
$ nucleus while positive fraction 
5 40 indicates instability. Very light 
$ and very heavy elements have 
To positive fractions while elements 
z in the middle Tange have negat- 
a ive packing fraction. The chlo- 
z ij Tine isotope of mass 35 has the 
-20 2% he I 


i l 

ri acking fraction— 
30 60 90 120 150 180 210 240 P £ ^ 
MASS NUMBER 


(34.980 — 35.000 
Fic, V.17a i x 08 9 


(c), Atomic mass unit. There had been some difficulty in expressi i 
masses in view of the uncertainty of the standard. The ete Bed ionic 
weight taking naturally occurring oxygen, as the standard, O — 16.000 units But 
it is now known that this oxygen is accompanied with two other isotopes, 179 = 
0.04% E 180 = 0.2%. The atomic weight of ordinary OXygen in this Scale 
WO e 


16.000 x 9976 + 1700450 x 0.0004 +. 18.00369 x 0.002 = 16,0044, 


25:7 
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The ratio of physicists’ to chemists’ atomic wt. is thus 16.0044/16.000 = 1.000275. 
Since 1961, a unified standard has been accepted for atomic masses where the 
atomic mass of the carbon isotope !?C has been fixed as 12.0000. In this scale, 
naturally occurring oxygen has the atomic weight O = 15.9999 and the isotope 
160 = 15.9949. 

An atom of mass number 12 is our standard, hence one atomic mass unit 
(amu) is given by, 


lamu — ub J AD (where Ny. = Avogadro number) 
12 No 
--3 1 4 |-324 
= $035 x 108 ^ 1.66 x 10-4 gms. 
In this scale, the masses of protons and neutrons are 
proton mass — 1.008142 amu neutron mass — 1.008983 amu 


(d) Mass defect. An atom of mass number (A) and atomic number (Z) has Z 
protons and A—Z neutrons in its nucleus and Z electrons outside. The mass of 
the atom is thus expected to be 

(A—Z)ms + Zmp + Zme 
But the isotopic mass (M) is usually found to be less than the theoretically calcula- 
ted value. The difference is called the mass defect (D) ; 
D = (A—Z)ms + Zmy + Zits — M 
= (A—Z)m, +Zm —M 
where m, = mass of neutron, m5 = mass of proton, me = mass of electron, 
ci mass of hydrogen atom, mg = m» + me) 
It is now accepted that the energy required to hold together the constituent 
articles, protons, neutrons and electrons in the atom is derived from the loss of 
: ass of QE particles as measured by the mass defect.- The mass lost is rendered 
is energy in accordance with the Einstein's principle of relativity, E — mc?. 

One amu is therefore equivalent to 1.66 x 10-*42.997 x 10°)? 

= 1492 x 107? ergs. f 

Since 1 electron volt (ev) = 1.6 x 10? ergs, and 1 Mev = 10 (ev). 

1492x10?  — 931 Mev 

Wehave 1amu = 7 [03? x 109 : $ 
ved from the mass lost is responsible for holding the 


Sne enetey SM ogslher and is hence the binding energy, E . Expressed in 
Mev units, the binding energy in an atom 1s given by 
Y Ep = 931 x D = 931 [(4—Z)ms + Zmg — M] 


2.01474 amu) is 


To illustrate ; The mass defect in the AS atom (mass, 
= m, = 
Fi = PRU 1.00898 + 0.00055—2.01474 
= 0.00293 
= 2,72 Mev 
inding energy Ep = 931 x 0.00293 s / 
Hence due i of an electron in this case, as we shall see later, is only 14 ev, 
Td n ible compared to the total binding energy. The average binding 
SUCRE neee i.e., per nucleon, is 1.36 Mev. The mean binding 


i the nucleus, i. 
energy Pe Meine different in different atoms. For example, 


binding energy mean Eg per nucleon 
(Mev) (Mev) 


E 39.27 5.61 
n 923 7.69 
a 160.0 8.00 

nS 1630.0 7.80 
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Majority of the nuclei have binding energy lying between 7.5 and 8.5 Mev. In 
Fig. V.17b, the mean binding energy is plotted against mass number. 


co 


A 


Binding Energy (Mev) 
Oo 


N 


50 100 150 200 250 
Mass number 
Fic. V.17b Binding energy and mass-number of atoms 


The larger the mass defect, the lar, 
stable will be the nucleus. 


o 


8er would be the binding energy and more 


D. THE QUANTIUM THEORY 


V.15. Before attempting a further probe into the internal structure of the atom, 
it is necessary to make a digression in order to be acquainted with the Postulates 
of Planck’s Quantum Theory. 

Today we are quite familiar with both the wave and the particle properties of 
light. But up to the close of the last century, light was believed to be undulatory 
in character ; the corpuscular theory was discarded. There were sufficient Teasons 
for it. The simple but most convincing proof was that the wavelengths of the 
radiations were accurately measured. The phenomena of polarisation and of 
diffraction and interference produced additional It was not Possible 
to explain the cancellation of one ray by anothe nterference) without 
the acceptance of the undulatory nature of light. On the other hand Maxwell 
from theoretical considerations, established light to be an electromagnetic radia- 
tion and consisted of transverse vibrations Produced from a Combination of 
electrostatic and magnetic fields perpendicular to each other, 

Towards the close of the nineteenth century, an anomalous situation 
ons In respect of ener 
ie which absorbs Compe, 
it emits radiation of all 


evidence, 


Se eit aed 
s. 
spectrum of the black-body radiation is obtained and thee at is, a thermal 


M EN 


) 
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Attempts were then made to explain the experimental result i 
Lummer and Pringsheim. In 1893, Wi P pem 
ou dt D VR 18 Wien deduced from purely thermodynamic 
amount of energy in the spectral 1 
region A and A-+dA emitted by a 
black body at temperature T, is i% 
given by (Wien) 


E,dà = A.XSfAT)dA ... (à) 


where A is a constant This rela- 
tion was found to be quite satis- 
factory in the lower range of 
wavelengths and corresponded EX 
with the Lummer-Pringsheim 6o 
curves but the relation deviated 
considerably when applied to the 
longer wavelength region. 


Rayleigh and Jeans also 
derived a relation between E, and " 1259 
A. Assuming stationary waves of 


all frequencies being emitted from 
the black body, they first deter- 5 - : A (microns) 
3 4 E z 


mined the number of possible 
modes of vibration within the Fic. V.18 Lummer & Pringsheim : Spectral 


hollow cavity. It was shown from distribution of energy density 
classical mechanics that the number of ways of vibration per unit volume between 


the frequencies v and y-+dy is given by 
87y? 
dicla EN) 


c? 


where c is the velocity of light. — . — 
Applying the principle of equipartition of energy for every mode of vibration 
the average energy is kT. Hence the radiation density is given by 


87y? 
E,dv = FAF kTdv 
or. since ST AS 8akT A*dd go ole) 


This relation was found to hold good with longer waves but failed altogether 
in the range of short wavelengths. Further the total energy carried by all wave- 


eo 
lengths, i.e., f SakTA“*dA per second will be infinite at all temperatures 
ô 


which is absurd. Thus the application of classical physics 
distribution in the black body radiations. The correct 


except when T = 0, 
n of black-body radiations was finally discovered 


failed to explain the energy C^ 
formula for the energy distributio 
by Max Planck. 
V.16. *s Quantum Theory. In 1901 Planck proposed a revolutionary hypo- 
thesis p AE a discarded the precept that an oscillator emits or takes up energy 
continuously and suggested that, energy changes must occur in discrete amounts. 
Planck introduced three assumptions : 
; f an oscillator cannot vary continuously but only by dis- 
(i) te ene Bh Hence an oscillator has definite energy levels, such as 
ete. 


Ep Ep ED Egee Eb m 


266 PHYSICAL CHEMISTRY [V.16 


(ii) the oscillator emitting a frequency v can only radiate in units or quanta 
' ofthe magnitude hy, where h is a fundamental constant of nature, 


e = hv 


This really amounts to introduction of the concept of atomicity in the 
realm of energy. 

(iii) The energy levels of the oscillator can only be integral multiples of a 
quantum, i;e., 


En = ne = nh» 
where n is an integer. 


This, known as the Planck's Quantum Theory, profoundly altered the entire 
outlook of physics. It yielded the most satisfactory theory for black-body radia- 
tions and also explained clearly many other phenomena, such as the specific 
heat of solids, the atomic spectra, photoelectric effect, etc. 

The Planck’s constant, h, has the dimensions of ener 
called action. Its value, in c. g. s units, is 6.625 x 10-27 er 

The energy spectrum in the black-body radiatio 
the following way. Imagine a black-body radiator having oscillators with integral 
energy levels 0, Av, 2hv, 3hv .. . jhv ..... Let there be n, vibrators with Zero 
energy. Then the number of vibrators, in other energy levels, are 


8y X time, a quantity 
£-sec. 
n can now be understood in 


m, = nehikT 
Ng = ngg-2hlkr 
Ny = nge-3wlkT 
Ng = nge-Ahvlkr 
np = nge-IhIkT 


Hence, the total number of vibrators (N) is given by, 
N = no +m +m +n +... ++... 


No + nge- IKT. 4. nye-2hvikT 4. Mge SHIRT 4... 4 noeIhikT 4 


Sf sparse eee n putting x = e-h/kT 
Pigs d. 
1—x 
Again the total energy of all the vibrators (E) is given by 
E = Ono + hvn + 2hv.ng + 3hy.ng +... +jhv.n +... 
O + hy.ngeAT +. 2 hy nge-2hwIkT 4 3hv.nge-3hvIkT +. 


nohvx. (1 + 2x + 3x? + 4x8 +.. ) 


vM ShyngeShvikT 4. m 


i} 


= nghv.x. =F 


The average energy per oscillator with frequency v, is 


ee ny x ay g-hv|kr hy 
Sel) alee come = WT 


But we have already seen, that the number’ of resonatin 


frequencies v and v--dv per unit volume is given by, 


87y? 


dz — w 


g modes between the 


[vide sec. 5-15, eqn.. (b)] 
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Hence the energy density in the region v and v--dv will be 


87y? hy 
E,dv = EE giri" 
EVA) 
8zlhic 1 
or Edi =- ` zanr 


This relation was found to correspond to the experimental results of Lummer & 
Pringsheim. The quantum theory thus cleared the anomaly in respect of the black- 
body radiations. We have also seen (sec III.17) how the problem of specific heats 
of solids was explained with this theory. In a later section, we shall again see 
its unique application in the determination of the atomic structure from the inter- 
pretation of the line spectra. One of the earliest successes of the quantum theory 
was in the field of photo-electric phenomenon which we shall briefly mention in 


the next section. 


V.17. Photo-electric Effect. In an cvacuated vessel, if suitable light is allowed to 
fall on a clean metal surface, electrons are emitted from the surface. This pheno- 
menon is called the photo-electric effect. Usually a radiation in the ultraviolet 

: cases in the visible region, produces such an effect. The 


region, and also in some case D 
velocity, and hence the kinetic energy, of the emitted electrons was measured by 
applying an external electric field with a potential V, such that 


Ve = 4m? 
where V is the potential required just to stop the photo-electric current. 
Experiments have confirmed that the kinetic energy of the photo-electrons 
is (i) independent of the intensity of illumination of incident radiation and (ii) 
dependent directly on the frequency of the incident radiation. If, however, the 
s decreased, the photo-electric effect disappears at a 


fi f incident light i Merced aot 
eed e frequente] called the “threshold frequency", which is different for different 
metals. The photo-electric threshold frequency is a very important characteristic 
of PON aE deren dence of the energy of photo-electron on the frequency of 
incident radiation cannot be explained by the wave theory. On this theory, light 
of high intensity (having strong fields) should produce photo-electrons of high 
velocity and of high i This is not the case ; the energy of photo- 
EA is independent o On the other hand, sufficiently intense light 
of low frequency should cause photo-electric emission, which is contrary to experi- 
mental results. ü A , 
instei lained the photo-electric effect on the basis of Planck's 
con im 11905, Eins nerdy, e = hy. Einstein suggested that the emission Or 
aise P E He Tadiant energy takes place in quanta. Each quantum, which is likea 
athak travelling with the velocity of light, gives up its entire energy to the electron 
PE e s K a metal. A portion of this energy called the work function (w) 
oe e r SE erating the electron free from other forces of attraction. The balance 
of the ener gives the electron its kinetic energy (àmv?). Hence we have, 
hy =wt im»? 
where v is the frequency of the incident radiation. This is the Einstein equation for 
photo-electric emission. h 
Now suppose Vo is the thres 
to drag the electron out, then 
hvo = Ww 
= hva + dme 
= 4 mv*, we have, hv = hvo + Ve 


old frequency, i.e., the frequency just sufficient 


Ve 


Remembering, 
€ 
y = Yo + (; )* 


or 
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from other sources. 


This clearly proves the correctness of Einstein's theory of photo-electric 
emission and incidentally gives a decisivi 


theory. In the table below are given the data for s 
electric effect. 


TABLE 

Metal Threshold, Work function, w Tonisation potential 

frequency y(A) (ev) A (ev) 
Na 5000 2.5 5.12 
K 5500 2.26 4.2 
Cs 6600 1.87 3.88 
Cu 2900 43 7.69 
Ag 2612 4.73 7.54 
Zn 3590 3.44 9.37 
Fe 2620 4.71 7.83 
WwW 2610 4.73 — 
Pt 1962 6.29 


It will be seen that work function, i.e., the energy required to remove the electron 


from the surface of a mass is less than the ionisation potential, i.e., the work 
required to remove an electron from an isolated atom. 


Example : Calculate the kinetic energy of a photo-electr 


on emitted from the surface of 
potassium (w — 2.26 ev), when illuminated by radiation 4000 A. 


h 
The kinetic energy, E = Ay—w = x —w» 


6.62 x 10-87 x 3 x 101 
= 4000 x 10-5 —226 x 1.6 x 1s] 


= 1.35 x 10-19 ergs, 


E. Tae Atomic SPECTRA 


: them have also be d 
This study has helped us to understand the Spe other hs preat precision. 
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The hydrogen line spectrum in the visible region consists of four lines (H,, 
Hg H,, Hs) which gradually close up. In fact, these four lines are only a part 
of a series of lines, nearly thirty in number, extending into the ultraviolet region. 


As they proceed towards ultraviolet, the lines come closer and closer until these 
merge. A diagrammatic presentation of the lines is given in Fig. V.19. The posi- 
tion of the lines in the ; 
spectra may be indicated „< 
in terms of wavelengths (A) 
or more generally, in terms ' 
of wave number (P), i.e., ! 
the number of waves per 
unit length such that ' 
y = 1/A. Thus, the line Hg He 
has A = 48613A, ie, Fio. V.19 Balmer Series 
y = 20572 cm. ; 

In 1885, Balmer discovered a relation between the wave-number (y) and the 
position of the lines in the series, since then called the Balmer series. The relation 

e 1 1 

= r= Rl oe 0 


where R is a constant called Rydberg constent empirically found to be 109678 cmt; 
and ‘n’ is an integer having values of n — 3, 4, 5, 6, etc. With this value of R, and 
putting n = 3, 4, etc. it is possible to reproduce the entire Balmer series of lines. 
The nature of this relation prompted Balmer & Ritz to realise that there might 
exist other series of spectral lines in which the first term in eqn. (i) would be different 


from d. In 1908, Ritz discovered the principle of combination, in which it was 


65620 
4861*3 
4340'5 
410177 
3970°1 
88 


Hg Hy Hg -----& 


found that the wave-number of any line in a series would be the difference of two 


Square terms, as 
f NET 
y R[zx— Sede (t) 


1 d m and n are integers. h th: 
where R is the same Rydberg constant, An i [nV dae A 
In fact, four other Series have later been discovered in the entire spectrum 
> f which are governed by the relation (ii) mentioned above. In 


of h Il o ; f : 
the oret region, Lyman series was soon found in which m = 1 and 
n = 2,3,4,... 
T 1 I He 
Lyman series : yak [1 iA m] aja EAU 
Similarly in the near and far infra-red regions, three other series of lines have 
been observed : 


2 1 1 
Paschen series : y=R [35755 Bop Sb 
1 EIA ERT A 
Brackett series : y-R[s-5 3m = 5,6, 7,... - ...@&) 


Pfund series : v= 


P ; i line spectra and its obedi 

à explain the formation of pe S obedience 

A theoretical pase was not obvious. We know that in the hydrogen atom, a 

single oh revolves in à circle round a proton as nucleus. According to classical 

mechanics, as the energy is radiated by the electron, the orbital radius must also 
9 
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change and ultimately the electron should fall into the nucleus. The energy should 
therefore be radiated in a continuum and the observed line spectra indicating dis- 
crete energy changes is not expected. The classical theory therefore cannot explain 
the formation of line spectra. Not only this, there remains the other question 
as to why the wave number of these lines are represented as the difference of two 
quantities. The answer to these came from the young Dane, Niels Bohr, who was 
then working in Rutherford's laboratory. 


considerations. These two postulates are’: 

(i) The electron can revolve round the nucleus in only some definite orbits. 
The permissible orbits are those for which the angular momentum of the electron 
is an integral multiple of h/2m. These are termed stationary orbits and no energy 
is radiated when the electron revolves in a: stationary orbit. 

The angular momentum, mur = nh/27, where n is an integer called the quan- 
tum number indicating the energy level. 

(ii) During the emission or absorption of radiant energy, the Planck-Einstein 
equation, e = hy is obeyed. That is, radiant energy is emitted or absorbed in 
whole quanta hv. If E, and Ey be the initial and final energy levels during emission 
or absorption of energy, then 


hy — Ey ~ E; 


where v is the frequency of the radiation. It is obvious radiation will be emitted 
only when an electron will jump from a Stationary orbit of higher energy to one 
of lower energy. 


Now consider an electron moving in the n* orbit at a distance r from the 
nucleus of charge Ze/ Z being the atomic number. We know, its angular momentum 


h 
mor = x (i) 


The electrostatic force on the electron is E and the centrifugal force is UE and 
r 


these must balance one another in a stationary orbit. Hence, 


mv? — Ze? A 

CENE E . (ii) 
f J gx b. 1 Ze? "an 
i.e., the kinetic energy, Ex = jmv? = Op Son) 
The potential at a distance r from the central charge Ze is given by zel 

5 
: " Ze? 
Hence, its potential energy, Ep = — F se a (iv) 
The total energy, therefore, would be 
s. T Ze Ze? Ze? 
Bargak E S60 (6) 


—p* 
For H-atom, Z = 1, hence E = X ac o (vi) 
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By eliminating v fi i i i i 
2 g v from equation (i) & (ii) the radius of the stationary orbit is given 
na n: tht 
= a-'meZ Amme 
For the permissible stationary orbit ne 
radius of the 1st Bohr orbit will be arest toj (henudeus, n li Henceithe 


Do 
mei 77 (6.625 x 10-27)?/[4 x (3.14)*(4.8 x 10-2)? x 9.11 x 10-28] 


(since Z — 1) +.» (vii) 


n= agi 
= 0.529 A 


using the standard values of m, e and h, available ; 

is nearly the same as the one obtained from DO e This value 

The radius of any other orbit of quantum number z will be o rone 
he 


Tn = nhl——— = nr 
292. m 
4r e?m a -. . Qiii) 


From equations (vi) and (vii), the : 
ODITE (vii) energy of the electron in the n'^ stationary 
__ —2m*me* 
Bs c RM i 
: ihn ; x e (t5) 
uppose an electron jumps from the n'h level t "th 
energy at the n'^^ level is o the n'^^ level, where n>n'. The 


1 Anime 
En = ah 
The difference of energy is emitted in the form of radiation of, say, frequ 
; Say, ency, v. 
ape —2«'me* 1 1 " 
EN Is -gi] 
_ 2m°metp 1 1 

or MEET Las 75 s] 


-number (y) of the radiation shall be 
NO nimet ud 1 ] 


The corresponding wave 


v= dB Qn? n Ne 


The empirical relation derived from Balmer series lines. 
1 D a 
and other series for the wave number is , and also from Lyman 


x» jp nl 
p= Rigs | Sa c (63) 
R is found to be equal to 27?met/ch®, 


Compating, 
2s*me 
ie, R = UU. = 109737 om 


putting the standard values of m E c and h. , 
This excellent agreement of the value o R with the experime 3 
indeed a very strong support of the Bohr's theory. P ntal result is 
The electron 1n the hydrogen atom, according to the Bohr's theory, will be 
in one of the circular orbits around the nucleus ; the orbits are chayabtersedsby 
the quantum numbers, n=l, 2, 3,4... etc. No energy emission occurs as long 
as the electron remains in a stationary orbit. But whenever the electron jumps 
from an outer to an inner orbit, energy is emitted. Thus, whenever an electron 
jumps down to the orbit n = A any Dd S = BRA d WEE lines 
in the Balmer series are o tained. The line Ha in dunkle goto 
m the orbit n — 3 to Lie EDI s 2: is due to the 


transition of a electron from the 
ansition of the electron from orbit n = 4 to orbit n = 3 


On the other hand, a tr: I i 
will produce a line of the Paschen series in the infra-red. 1f the electron jumps 
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from orbit n — 4 to orbit n — 1, it will give rise to a line in Lyman series, In other 
words, Lyman, Balmer, Paschen, Brackett and Pfund series are formed when 
electrons jump to orbits n = 1, 2, 3, 4 and 5 respectively from outer orbits. This 
is illustrated in figures V.20 and V.21. 

In these calculations it has been tacitly assumed that the nucleus is fixed at the 
centre of the orbits. But in fact the nucleus (mass M) and the electron (mass m) 
are rotating about their common centre of mass, It is therefore necessary to replace 
m in the energy expression (equation ix) by the reduced mass H, Where 


Fi. V.20 Diagrammatic Presentation of Bohr orbits of hydrogen atom 
i.e., the refined value of the Rydberg constant (Ry) shall be 


__ 22?me* 1 1 
UCET a 
UM I M 


; doubly charged Lit+, 


governed by ses 
> mpe .[l "nel 1 1 1 
eke aed oe dpe phon 
Dae 


where Z is the atomic number. This has been experimentally established, 
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Brackett Pfund 


Paschen 


1215:66 
102583 
97254 
94926 
937-82 


Lyman 
Fic. V.21 Energy levels of hydrogen atom 


The Rydberg constants for hydrogen and singly charged helium were experi- 
mentally measured ; 


1 1 
RoR Do RR 
3 ur ^ inde 
Mu Mie 
J R 1--m/M ge 1-4-m[3.97 Mi 2 
moans Ris i ime F ud [since Mue = 3.97 Mg] 


Substituting the experimental values of Ry and Rue, it was found that My/m 
= 1840 i.e., a proton is nearly 1840 times heavier than an electron. 

Tonisation Potential. As energy 1S absorbed by an atom, the electron moves 
from the normal inner quantum level (n — 1) to outer orbits. The amount of 
work necessary to remove an electron from its lowest level (n = 1) to the infinite 
distance resulting into the formation ofa free ion s called the ionisation potential, 
measured often in electron-volts. This energy 1s 

27°me* 1 emm rn 
IE ond m m 
UM 
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—2a?meiZ? 1 3 M 

h? “1+m/M UES m-4-M' 
Putting the known values of c, h etc., the ionisation energy of hydrogen is found 
to be 13.595 ev or 2.18 x 10 ergs. à B 

The Bohr theory certainly made an achievement by producing a pictorial 
representation of the hydrogen atom, which explained the atomic Spectral data. 
But the theory had its limitations and weakness. Attempts to apply the theory to 
atoms with more than one electron were not successful. The theory did not pro- 
vide any explanation for union of atoms to produce molecules. The Bohr theory 
also failed to recognise the wave property of the electron which was established 
by de Broglie in 1923. As a result, a modification of the theory by Sommerfeld was 
first made and subsequently a more satisfactory theory from wave-mechanics 
replaced it. 


Since n = l, ionisation energy 


V.20. Sommerfeld Theory. The necessity of a modification of the Bohr theory 
stemmed from the spectral observation, under high resolutions, of the different 
hydrogen lines. Each of the otherwise individual lines was found to consist of a 
number of hyperfine structure. Bohr's theory interprets the formation of a spectral 
line as due to the emission of energy when an electron jumps from one quantum 
orbit (n;) to another (n). The theory, cannot account for the multiplicity found 
in these lines. The obvious explanation which can be mooted is that the electronic : 
energy levels associated with any Bohr quantum number (x) must be more than 
‘one. That is, there are several sub-levels in any quantum level, although the energy 
values of these sub-levels are quite adjacent to each other. With this view in the 
background, Sommerfeld extended the Bohr's ideas and suggested that 

(i) the electronic paths around the nucleus are elliptic with different eccen- 
tricities of which Bohr’s circular orbit is a special case ; and 

(ii) only those elliptical orbits are permitted which satisfy the relations, 

(d) $ pedp = kh; (b) $ prdr = nh orn (0) 
where ps and p, are the angular and radial momenta of the electron with co- 
ordinates ¢ and r ; h is the Planck Constant, ‘X and ‘ny are two positive integers 
called the azimuthal and the radial quantum numbers respectively (Fig. V.22). 

In Bohr's circular orbits, only one co- 
ordinate, angle ¢ varies periodically but the 
radius r remains constant. Thus Bohr re- 
quired only one quantum condition, ie., 
$ $ed = nh. In the elliptical motion, both 
the angle ¢ as also the length of the radius 
vector r vary periodically as stated above. 
A mechanical treatment of the electron 
moving in an elliptical path leads to the 
Fic. V.22 Elliptic orbit of the electron following results : 


(a) the eccentricity e of the ellipse is related to the quantum number as 


k? 
cpu Di t 
FUP est 
2 
But in an ellipse, we know from its geometry that 1—e? = 2a 
a 
where a and b are its semimajor and semiminor axes. It follows, 
b k k 


a kin, n 


permissible value of k is n, so that n; may be zero, when bla is unity i.e. 
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- (b) The energy of an electron moving in an elliptic orbit is 


E 2v?me'Z? — 2a?me:Z? L 
Gir Fkh nis © (Z = atomic number) ... (ID) 

This is identical with the expression for the energy of the electron in Bohr's ci 
orbit of quantum number, . The energy value i t i ERE 
values of k and nr. — ' c $ not determined by individual 


(c) The semimajor and 


the semiminor axes of the |, n=] 2p 
elliptical path are, n-2 
a = n*h*[An?me?Z ; 


b nkh?|An*?me*Z 


We have now three quantum 
numbers, 7, nr, and k related 
as n = nr+k. We may as 
well do away with one of 
them, namely nr, and still 
define the electronic proper- 
ties. The quantum number 
n, which determines the 
magnitudes of quantised 
values of energy, is called the 
principal quantum number. 
We may illustrate the differ- 
ence between Bohr scheme 
and Sommerfeld scheme in 
the following way. Consider 
an excited hydrogen atom 


Fic. V.23 Permitted electronic orbits of H-atom 
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in which the electron is raised to quantum level n — 3. Let the electron jump 
down to level n —.2 and produce a Balmer line (Fig. V.24). In Bohr's scheme, 
a spectra line would k=! 

originate in just one 

way, but in Sommerfeld ,=3 
scheme, a line can deve- 

lop in more than one 

way. 

Since the energy changes 

in all the different ways 
would be the same as in 
equation (II) above, only 

one spectral line would ,—> T 
develop inspite of many ad 
possible origins. There- Sommerfeld Bohr 

fore, Sommerfeld’s Fic. V.24 Comparison of Bohr & Sommerfeld schemes 
modification regarding orbit alone fails to explain the hyperfine structure. He 
then introduced a second modification involving relativistic corrections. 

The electron in hydrogen atom, on orbiting in an elliptic path with the nucleus 
at one of the foci, acquires different velocities at different points. The velocity is 
highest when its position is nearest the nucleus (perihelion) and the velocity is 
minimum when it is at the farthest (aphelion) position from the nucleus. This 
variation in velocity causes a relativistic variation in the mass of the electron 
according to the Lorentz relation : 

m = mg (1—v?[c?)-3 

The continual mass variation produces a perturbation in the balancing forces 
between the electron and the nucleus. The result is that the electron deviates, a 
little each time, from its true elliptic path. The perihelion position, instead of 
remaining stationary, advances forward, i.e., precession of the electronic orbit 
occurs as shown in Fig. (V.25). The actual orbit of the electron around the hydro- 
gen nucleus is thus a rosette. Consideration of such an orbit in terms of the quan- 
tum conditions (I) above, led Sommerfeld to the energy value to be 


Lo 2s]mee'Z? pin 3 
Ee le eae) | 


where p = reduced 
mass, m = rest mass, 
of the electron. It is 
now seen that, unlike 
the previous result, the 
electronic energy de- 
pends not only on n 
but also on K (in a 
small way). Hence the 
transition of an elec- 
tron, from n — 3 to 
n = 2'of the foregoing 
example, will not just 
give one spectral line 
but a number of closely 
packed fine lines de- 
pending on k -values 
involved. 


V.21. Bohr-Sommerfeld 
Theory for Complex 
Atoms. The  Bohr- 
Sommerfeld theory 
met with formidable 


difficulties when it was 
Fig. V.25 annlied ta arcannt far 
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spectral characteristics of poly-electronic atoms. This necessitated additional 
refinements in the theory ; even then it was not sufficiently universal. We can 
briefly illustrate this in relation to alkali metal spectra. 

Later developments clearly indicated that the azimuthal quantum number k 
of the Sommerfeld theory could not have integral values 1 to n, but it should be 
replaced by orbital angular momentum quantum number, l, having integral values 
0ton—1. An electron whose / = 0 is known as s-electron. Similarly, an electron 
with / = 1 is called p-electron ; with / = 2 is called d-electron ; with / = 3 is called 
f-electron and so on, irrespective of the principal quantum number, n, of the 
electron. 

Again, we have seen that the energy-value of an electron is quantised as 
= —2a?*me!Z?[n*h?, the value being negative so long as the electron is within 
the atom. The electron can also be specified by its term-value T', which is obtained 
by dividing the energy value by — ch. Thus, the term value I of an electron, 
2u?meiZ? RZ? 

necks nè 
where R is the Rydberg constant and n is the principal quantum number having 
a positive integral value. 

Analysis of the alkali metals spectra revealed that the lines formed can be 
grouped into at least four chief spectral series, namely, 


(i) Sharp series, called s-series 

(ii) Principal series, called p-series 

(iii) Diffuse series, called d-series 

(iv) Fundamental series, called f-series 
The spectroscopists further established : 

(i) Under normal conditions, spectral lines are produced by transitions 
undergone by valence electrons, i.e., optical electrons. 

(ii) Spectral lines in s-series involve transition of electrons from a s-state 
to an p-state, i.e., -value changing from 0 to 1. The p-series lines are due to transi- 
tions of p-electrons to s-level. The d-and f-series lines originate from migration 
of electrons from d-to p-levels and from f-to d-levels respectively. The value of n 
can change by any integral amount but / can alter by + 1 in such transitions. 

(iii) The term value (T) of an electron in alkali metals (and also for any 

: vy. RZ? 
polyelectronic atom) is given by ne? where n*, the principal quantum number 


r = 


e non-integral — a fact which strikes at the very root of the Bohr- 
Sommerfeld idea. The departure of n from integral values depends on the nature 
of the electron suffering transition. For an s-electron, the departure is maximum 
with gradually diminishing magnitudes for p-, d- and f-electrons. Bohr explained 
the non-integral quantum number n* in terms of penetrating and non-penetrating 
orbits of the electrons. n* may be considered as n* = n— 9, where n is the actual 
integral principal quantum number and ô the deviation, called quantum defect. 
According to Bohr, the defect arises due to interpenetration of the orbits. The 
more eccentric elliptical paths of the s- and p-electrons penetrate deeply into the 
orbits of the inner electrons, which give rise to precession of the paths as in rela- 
tivistic effects. It was shown subsequently that such interpenetration of the orbits 
and the resulting precession would lead to quantum defect. 


is found to b 


d Spin Quantum Number. A closer examination of the 
atomic spectra demanded further refinements of the theory. It was soon found that 
under high resolution, the spectral lines of the alkali metals had fine structures. 
The common yellow line of sodium in the principal series consists of two fine 
lines 5889.96 A and 5895.93 A, i.e., differing by about 6 A. This suggests that 
one or both the energy levels occupied by the optical electron before and after 
the jump should at least be a close doublet, thus enabling the electron to execute 
more than one type of transition accompanied by emission of almost same amount 


of energy. 
————— 


V.22. Electronic Spin an 
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Uhlenbeck and Goudsmit (1925) proposed that the electrons spin about an 
axis like a top, and consequently, have spin angular momentum (called spin-moment) 
in addition to their angular momentum due to orbital motion. 

h 


Sommerfeld originally expressed orbital angular momentum as p, = k . p 


It was subsequently corrected and modified to the form p; = AKTE). 2 s 


The spin angular momentum was also supposed to be quantised and expressed 
in the form, 


zaen 
Ps = Vs(s+1). 5- 


where s is the spin quantum number having the value, s = 1. f 
Both p; and ps are angular momenta and can be vectorially added to give 


the total angular momentum p; as p; = ps--pi. 
p; has also quantised values, such that pj = V/j(j4-1). h|2z 
where j is the mechanical moment quantum number. Its values are, for systems 
with one valence electron, 
j = l+s or j = I-s, when />s 
j = s+l or j = s—l when /<s 
This means that for a given pair of values for / and s of the valence electron 
of the alkali metal, p; can have two possible magnitudes for the two possible 
values of j. Since p; is the vector sum of ps and p; the 
— two permissible values of p; can occur only if p; and 


nature of the sodium yellow line (Fig. V.27). It is thus 
seen that the energetics of the electron in an atom can 
be explained with quantum numbers n, I, s and j; 
Fic. V.26 where j, of course, can be substituted in terms oflands. 


ps be oriented in two distinct and definite ways—parallel . 
and antiparallel. When the component of Rs ( ES x) 
E EAR Be Rari Y 2r 
R (parallel) is along the p; direction it is parallel and when the 
sn component is in the direction opposite to Pi it is 
antiparallel and is equal to —s ue (see Fig. V.26). 
Thus, for/ — 2and s — 1, j can have values 5/2 and 3/2. 
E But for an s-level electron, where / = 0 both the 
pu j-values are the same. That is, an s-level is a singlet, 
but p-level is a doublet, and so are the d-levels and 
TUE vid f-levels. The following scheme represents the doublet 


Original hypothetic level Interaction 
iginal hypothetic level RETE) 


p o———— Spin cum orbit. 
——————— 
S Spin cum orbit S—level (singlet) 


Double yellow lines 


nz 
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V.23. Magnetic Quantum Number. When the atomic spec 2 
presence of an external magnetic field, the spectral lines D M C. 
fine structures. For example, the yellow doublet of sodium mentioned earlier 
yields altogether ten fine structure lines when the spectrum is obtained in a magnetic 
field of, say, 10000 gauss. Such splitting is called Zeeman Effect after the cn of 
its discoverer (1896). Any theory of atomic structure must necessarily be capable 
of explaining the magnetic fine structure levels. 

When the atom is placed in a magnetic field (say, intensity H) the spinning 
electrons because of their magnetic moments will experience torques and will be 
oriented. Suppose the field is applied in the direction of Z-axis ; the Sommerfeld 
orbits (modified by spinning effects) become space oriented. The orbits can take 
up only certain quantised orientations in space making discrete angles with the 
vertical (Fig. V.28). 


Fig. V.28 Fic. V.29 


This, known as space quantisation, is due to the interaction between the externally 
applied magnetic field and the magnetic fields of the rotating and spinning electron. 
Now, for a monovalent system, the direction of the p; vector would be related to 
the spatial extension of the Bohr-Sommerfeld orbit. Therefore, space quantisation 
of the electron orbit in a magnetic field would correspondingly mean the space 
quantisation Or possible discrete settings of the p; vector in space. For these p; 
settings We need an additional quantum postulate such that the orientations 
would have components of p; along the external field direction equal to 

> > 

ps = pj COS 4 = mye 
mis called the magnetic quantum number. It can take up values from — to +j, 
ie, — Ith pO 50115253): g- logs dhe total number of such settings 


would be (2j--1). Hence for j = 3/2, the number of pj, 
orientations would be 4. Pictorially this is illustrated in 
Fig. V.29. 

Calculations, involving the precession of pj, around 
the field direction H, introduce several possible variations, 
dependent on m-values, in the electronic energy levels. 
These variations account for the fine structure levels 
(Zeeman levels) of monovalent systems in a magnetic field. 


Extension of such precession ideas to polyvalent atoms as 


well has met with success. 

It will be noted that the apare agti of the 
core electrons have not been, considered. This is because Fic. 
they are internally all space-oriented in their own mutual 1G. V.30 Precession 


" > A 
magnetic fields in such a way that a complete neutralisation of pj around H 
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of the effective magnetic field due to the core occurs. They are thus indifferent to 
any applied external magnetic field. 1 

We thus find that refinements, including the concept of spinning electrons, and 
space-quantisation in magnetic field, have to be superimposed on the Bohr-Sommer- 
feld orbital model modified by the idea of perturbation and precession. This 
structure utilising various vector quantities of the atom together with some quan- 
tum-mechanical relations constitutes the frame-work of what is known as the 
theory of “vector model of atom”. 

The electronic properties, viz., energy-values, term-values, etc. are seen to be 
governed by a set of five quantum numbers n, l, s, j and m of which j can be sub- 
stituted by / + s or /—s. In effect, we have to reckon with four quantum num- 
bers, n, l, s and m in the theory of atomic structures. It can be generally stated : 
the principal quantum number (n) determines principally the size and energy of 
the orbit ; the azimuthal (7) is responsible for the shape of the orbit ; the magnetic 


1 : : € orbit, while spin quantum 
number (s) is concerned only with the Spin of the electron. 


F. WAVE MECHANICS 
(New concept of atomic structure) 


V.24. Waves and Particles. We have seen that it was necessar 
the wave nature and the atomistic nature in radiations. I 
interference and diffraction, the radiations must be regardi 
the photo-electric effect, Compton effect etc. are explain 
quanta of radiations. 

According to Louis de Broglie (1923), this dual natu 
should not be confined to radiations alone but should als 


y to accept both 
n the phenomena of 
ed as waves, whereas 


able only in terms of 


know the energy is given by e = hy = h ; (A = wave length, c = velocity of 


light). Again, from the theory of relativity, e = mc?, (m 
Combining these two relations, we have 
mc = h[A 


= mass of photon). 


or the momentum, =}, ie, A- ^h 


p 
de Broglie extended this relation into the dynamics of a 
that a wavelength A is associated with a parti 
its momentum as 


n „a Particle and proposed 
cle in motion, which is related to 


h h 
ANS e So, 


where m is the total mass of the particle and v its velocity. 


The velocity v (a particle property) is thus connected to wavele 
property) by Planck’s constant h. The validity of this hypothesis, i, 
of waves associated with particles, was then demonstrated 
Davisson & Germer (1927) and by G. P. Thomson (1928). 


ngth A (a wave 
e., the existence 
experimentally by 
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If the particle is an electron and if it is subjected to a potential difference V 
so as to acquire a velocity v, (v«€c) then, 
MON 
v2mVe 

In the experimental arrangement, narrow beams of electrons coming out 
from a hot filament or a cathode ray tube were led through a high potential and 
then passed through thin metal films. Finally they were received on a photographic 
plate, where diffraction patterns similar to those produced by X-rays were obtained. 
This proves that waves are associated with beams of electrons. Subsequently such 
diffraction patterns were also produced with beams of neutrons or hydrogen atoms, 


i.e., relatively massive particles have also wave properties. Quantitative measure- 
ments from these diffraction rings showed that the observed wavelengths are 


Ve = àmw?, hence A = 


-@ 


those given by the de Broglie relation, À = =. 


Fic. V.31 Electron beam diffraction pattern 


Now if an electron be accelerated through a potential difference of 100 volts, 


then its wavelength, 
h 


= 
V/2mVe 
But if a bullet of 2.2 gms be shot out with a velocity of 3 x 104 cm 

wavelength associated with it would be [sec the 

ad h 6.6 x 10-27 
mo 22x3x 10! 
which is too small to be of any consequence and would not come into our observa- 
tion. 


=R A, (m = 9.1 x 10-28 gms) 


1 x 10-% cm 


We thus see that an electron seems to behave partly as a wave and partly 
as a particle. But how should we visualise the electron ; is it a particle or is it a 
wave? It is quite difficult to reconcile the two concepts. An understanding of the 
mutual relationship between the particle and wave concepts have been possible 
by Heisenberg's “Uncertainty Principle, which is now a fundamental principle of 
hysics. 

phy In classical physics and in classical quantum theory, the precise and simul- 
taneous determinations of momentum (velocity), position, path of microscopic 
particles are permissible. But i$ this really possible? 
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In visualising a particle, we conceive it as something possessed of definite 
momentum, energy and definite position, etc., at any particular time. Heisenberg 
made the assertion that by no means whatsoever, real or imaginary, can we simul- 
taneously determine the exact magnitude of momentum and the exact position 
at any time. To illustrate : Suppose we want to locate the exact position of an 
electron with the help of blue light. The attempt will fail as the wave-length of 
the blue light is million times larger than the diameter of the electron. We are, 
therefore, required to use a radiation of much shorter wave-length, (say X -rays). 
The electron particle will then be located through the scattering of X-rays. But 
in the scattering, the electron will be accelerated due to Compton effect. The 
result will be a change in its momentum and the value of momentum will be 
uncertain. The shorter the wavelength used the worse is the uncertainty in momen- 
tum. This uncertainty either of position or of momentum is not merely due to 
imperfectness of experimental technique. There is always something inherent in 
the very nature of instrument which interacts with the system under study and 


defeats our purpose of ascertaining definite position and also momentum simul- 
taneously. 


In the diffraction experiments with electron beams, we can measure the wave- 
length and can determine definitely the momentum of an electr 
relation. But then the position of an electron will be indefinite. 
out one single electron from the beam, it will scatter away from the crystal, but the 
direction and the angle at which the electron is going to be scatte: 


other in the full description of a process, not necessarily 
the system is both a particle and a wave i.e., dual in ch 


of light used, let us use the shortest wavelength 
ZS TSS y-tays, having a frequency y. It can be Sanus 


b». must have been scattered by th 


Fic. V.32 Illustration or MOmentum change being hy/c. The 
uncertainty principle in the ou Ru the microscope anywhe 
observation of a particle ^? Of the cone, the momentum cha 

under microscope 


med hy . ss 
is given by PE This is uncertain to the amount 


Apes P sina, 


- The net uncertainty in the simultaneous determination of positi 
tum of the electron is given by their product ; Pomon arid momen: 


à  hvsin ; 
Ax.Ap = sinet S fh, (since c=y)), 
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This is the quantitative expression of the uncertainty principle of Heisenberg 
(1927). It can also be experssed in terms of energy and time, 
AE. Ate h 
Suppose à cricket-ball of 200 gms is flying with a speed of 10 metres per second, i.e., momen- 
tum p = 200 x 1 x 103=2 x 105. To ascertainthis within 0.192, A p will not exceed 2 x 105/10? 
—2 x 10% The uncertainty in respect of its position Ax = h/Ap = 6.6 x 10-27 /2 x 10? = 
3.3 x 10-? which is certainly too small to be detected. The principle of Heisenberg is therefore 


unimportant for a macroscopic body. 
But if we take an electron moving in an atom (v — 2 x 10* cm/sec) its momentum, p — 


2 x 105 x 9 x 10-28 = 18 x 10-*. Even if we know this within 1%, Ap = 18 x 10-*°/10? = 
1.8 x 10-24, The uncertainty of its position Ax = 6.6 x 10-?? /1.8 x 10-*! —3.7 X 10-5 cms. 
if at the given instance, the electron is within the atom or not. 


That is, it is not known even 1 
Herein lies the significance of the principle implicitly demonstrating the inadequecy of the Bohr 


postulate. D 


V.25 The Schródinger Wave Equation, The acceptance of the uncertainty principle 
means that the old mechanics has to be discarded ,since it is no longer possible 
to assign a definite position and momentum to a particle. The discrepancy is not 

able size, but for minute particles like electrons, 


serious for objects of apprect U 
atoms etc., a new mechanics must be used in which a function is employed whose 
square would express the probability of a particle of given momentum being at 
a given point, since it 1s not possible to say that it is at the point. This new mecha- 
nics is based on the fundamental equation proposed by Schródinger. 
Schrédinger starts by considering the dynamical equation for the propagatior 
of elastic waves. Let us first take the simplest type of wave motion, that of a stret- 
ched string. If u be the velocity of the wave, and if w is the amplitude at any point 


of co-ordinate x at time ¢ then the equation for wave motion is given by, 
0?w 1 dw Ļ 
ox = gi q "di eessen (a) 
w is a function of the co-ordinate x and of time t so that 
w = JG) 


In the case of a stretched string, ¢(t)=A sin 2t, v is its frequency. We can thus 


er w = p(x) A sin Qnvt 
ie, on = — p(x) 4u?v? (A sin 2mvt) = — d(x) 4.a?v?d(r) 
2w — Q*[UQO) 
Also from (b) oH PD, (10) 


the equation for elastic waves, 


MOL LE uc 


Substituting in (a), 


vico) ^ (d) 
or P591 a. ane I. cota Neha d enr 


since the velocity u=vA, A being the corresponding wave length. If th 
motion is extended to include all the three co-ordinates x, y ad Z, wien WO) 
shall be replaced by (x, y, z), the wave equation takes the form, 
aM am OM Am 
att ayi t aaa x ^ 
is written in place of V (x, y, z) for simplicity and it represents the amplitude 
function for the three co-ordinates. The terms on the left-hand side may be replaced 
by the Laplacian operator V ani the wave-equation is expressed as 
T 


vu uo ists (M:2) 
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This is a general relation for all systems. If we now consider the minute particles 
like electrons and use de Broglie relation À = h[mv, we have 
Ag?m?v? 


p 4-0 sys) 


If E is the total energy and V, the potential energy of the particle, then its kinetic 
energy, àmv? = E—V. Therefore, 


V + 


Vr 


8z7?m 


j ŒV} = 0 EV 


This relationship is the Schrodinger Wave equation which is at the basis of our 
understanding the atomic and molecular structures. 


V.26. Interpretation of J. In the theory of propagation of light waves, the intensity 
of the light at any point is proportional to the square of the displacement of the 


rence of photons at the given point. We can therefore say that the probability 


1 i I o #7, the square of the 
wave amplitude of a wave equation. It is not necessary to consider the trajectory 


to 4°, assuming that J/?dv would denote the charge density 
atom within the region dv. That is, the electron is to be 
into a cloud of electricity having different densities at di 


on the problem, are placed on 
ngs, the demands on the solutions 
ng is fixed. In systems where Schró- 
utions) should be finite, continuous 
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values. These proper values of the parameters are called eigenva 5 
ing to each of which there occurs a suitable solution a ue. 
wave equation for the vibration of string, it is the wavelength parameter (which 
occurs in the velocity factor u) that takes up suitable eigenvalues and for each 
wave length eigenvalue, one obtains a proper solution or eigenfunction. 

The acceptable solutions (i.e., eigenfunctions) of Schrédinger equation are 
obtained if the energy parameter occurring in the equation takes up proper values 
i.e., eigenvalues. Sometimes, depending on the problem, the permissible eigen- 
values are continuous and it is said to have a continuous energy eigenvalue. Some- 
times, again, the permissible energy eigenvalues are discrete and the energy of the 


system is then said to be quantised. 


V.27. Solution of Wave Equation. The solution of a wave-equation is highly in- 
Me n We shall only deal here qualitatively a few very simple cases, omitting 
etails. 
The simplest case will be the wave equation for a free particle, i.e., where 
potential V = 0. Hence, in one dimension, the equation is, : 
dA | 8mm 2, 0 
quisa 


A solution satisfying the equation is, 
p = Asin ( VS7°mEJh?. x) 334 3) 


(4 = constant). 
For every positive value of E, the right-hand side yields single-valued, finite and 
continuous quantities. Hence, this is a solution of the wave equation, as can be 
seen by direct substitution. In this case, for all + ve values of E, the free particle 
would show a continuity of energy um 

Particle in a Box. Now suppose the motion of the particle is restri 
two fixed boundaries. Consider first the motion aloe x BEN MEE 
values between x — 0 and x — d, the particle is free (V — 0). At the boundaries 
x = 0 and x =a the particle is stopped with barriers of high potential, V =v 
When the particle is thus confined between the two limits, the de Broglie waves, 
(as in the case of standing waves of stretched string). should have an integral 
number of half-wave lengths between 0 and a. i.e., a = n.A/2. The figures (5.32a) 
and (5.32D) indicate the potential barrier and the allowed electron waves. ) 


«———5ec 
2 
1) 
w 


Fig. V.32a Fig. V.32b 
At the two ends, % should be zero. When x = 0 it is evident from 
equation (i) above, y — 0. And also when x = a, y should become zero, only if 
V8s?mE]h3. a = nv i 
ie, if E = n*h?/8ma? 2. QD 
where n is an integer. 


It is clear that with increase in ‘a’ the kinetic energy of the electron decreases 
Further, the integer 7 1$ à quantum number, indicating the number of nodes in the 


——————— 
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wave. If n —1, number of nodes = 0 ; ifm = 2, number of nodes = 1 and So on. 
The energy is proportional to n?, 


If we now consider the motion in three dimensions, the expression for energy 
will take the form, 


h? pni (no nt 

zm fiy: Hz 

E 8m Lat tpat e 
We are indeed considering a particle moving in a box of dimension (a, b, c). This 
is often referred to as a case of ‘particle in d box’. Three quantum numbers (nz, 


T 
of charge +e. The potential is V = E The Schródinger equation then can 


be expressed as, 
87?m e? 
NACE ILEPSPED ++. (A) 


Generally this equation is transformed into polar co-ordinates (r, 6, $) from 
the Cartesian co-ordinates for its solution 


$ = R(r) (6) (4) 
The equation then takes the form 


8 (dd UES el t CL ene ee 2 
rir Mar) + Praise apt + ramon (sn 02%) + h? (5*2) 


0 


The solution of this equation, which is complicated, h 
formal fashion of solving second order differential equat 
tions that % solution should be finite, single-valu 


— mme 
Ye nihi (6) 
where n is a positive integer. 


This is identical with the expression for energy in Bohr th. 
necessary, in solving Schródinger equation, to make any addi ina ewes mor 


The complete solution of the wave equation i 
principal quantum number, two other Aee] a ANE Zom n ie 
azimuthal quantum number and the magnetic quantum number » and m, the 
integral values from 0 to n—1 and m can have integral values from = to +7 
, For the ground state of the hydrogen atom, the orbital depends 0 m k i 
radial co-ordinate (r) and is independent of 0 and $. The graphical r only on the 
of # against angular variables @ and 4 would be spherically symmetrical ac tn 
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Fig. V.33(a). Such orbitals are called s-orbitals. In the 
excited states of H-atom, y may depend upon 0 and ¢ 
and in consequence the cloud-charge distribution may 
be oriented symmetrically about x-, y- and z-axes. These 
are p-orbitals (Fig. V.33b). Similarly we have other 
differently oriented orbitals called d- and f- orbitals. 

The wave-mechanical treatment thus establishes : 

(a) the electronic energy levels are quantised, 

(b) the parameters n, l and m have integral values 
and correspond to the quantum numbers of the old 
quantum theory. 

(c) the different charge cloud distributions corres- 
ponding to 5, P; d, f etc., exist indicating the shape or 
structure of the atom. 


Fic. V.33b 


The mathematical solution of wave equation was not enough t i 

) was o expl 

entire spectral character. The concept of the spinning alesan was Pu 
Arbitrary spin wave function a or B has to be used in addition to J-function. The 
spin moments of the electron along the direction of the externally applied magnetic 


d sh —sh 
field are given the values >> and 7 where s = 4 ; and sis the fourth quantum 


number called spin quantum number. 


V.29. Pauli’s Exclusion Principle. We have seen that the state of i 
Vt el died oy Tout quantum numbers nfm ands Paul (198) ino 
duced a principle for the assignment of quantum numbers to the electrons, known 
as *Pauli's Exclusion Principle". 'This principle states that zo two AEST H3 
atom can exist in the same quantum state. It means that no two electrons in a given 
atom can have four quantum numbers the same. 

Electrons with the same value for principal quantum number z form a definite 
group or shell. These groups or shells have been designated as K-shell, M-shell 
etc. ..., following X-ray notations. 

‘According to the value of orbital angular momentum /, electrons in a given 
shell are further subdivided into subgroups. The maximum number of subgroups 
in a given shell of value 7 is n. The maximum number of electronsin a subgroup 
depends upon the possible values of.m and s. It can be shown that the highest 
number of electrons that can occur in a subgroup is 2(2/+1). We know that / 
can have a value from 0 to n—1. The different subgroups are represented by small 


letters s, p, d, f. 8..  . tC., as 
11:10:15; TC cu 


spdfsg 

In the table below are given the assignments of maximum possib 
electrons in the first three shells (K, L, M) with n = 1, 2 and 3. i M got 

All the electrons within a subgroup of a shell have same 7 and /-values and are 
called. equivalent electrons. An electron in a shell for which / = 0 is called an 
s-electronfor] = 1a p-electron and so on. In denoting the number and position 
of electrons, it is usual to write the number of the shell as a prefix to the lettter 
representing its I-value. The number of electrons with same 7 and /-values is indi- 


cated by an index at the upper right of letter expressing l-value. Thus two s-electrons 
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of the K-shell are written as 1s?, four electrons of the L-shell with I = l are written 
as 2p*, etc. The distribution of the 12 electrons of the Magnesium atom is ex- 
pressed as 


1s?.2s? 2p9.35? 
i.e., there are two ls-electrons, two 2s-electrons and six 2p-electrons and two 
3s-electrons. + 
It will also be seen that the maximum number of electrons accommodated 
in any shell is 2n?. 


TABLE 
ASSIGNMENT OF ELECTRONS IN GROUPS 


Quantum numbers No. of 


electrons 
in Subgroup 


No. of 
electrons in 
completed 

shell 


K 2 
L 

3 0 n 

3 0 =f 

3 1 —1 +} 

3 1 -1 T 
M 3 1 0 +} 6 

3 1 0 <} 

3 1 1 ETRO 

3 1 


18 


U) U9 U9 QJ UJ LO CO www 
Q2 [29 [DO P2 P9 [2 [2 [2 [2 [2 


V.30. The Periodic Table of the Elements. The periodi 

chemists primarily from the chemical propettics RE sees up by the 
be fundamentally based on the atomic numbers (Z). The atomic NEU 
represents the net positive charge of the nucleus, is also the nu number, which 
in the arrangement of the elements in the Table. This also e VAT AR position 
electrons surrounding the nucleus when the atom is in its RAT i the number of 
The chemical properties depend upon the nuclear charge or the roe sondition. 
nuclear electrons. The problem of the Periodic Table really in i er of circum- 
tion of physical and chemical properties with y involves the correle- 


ton the arrangement of electrons in the 


V.30] THE STRUCTURE OF THE ATOM 289 


In Fig. V.34 is given Bohr's 

. V.34 arrangement of the elements i iodi 
pue upto uranium, based on atomic number. The Pana T E rs 
here are no unknown gaps in it and there is no other incongruity. Ae 


Period Period 
VI Vil 


SSCs -——87Fr 


(6 
9) / 5680 —— 88Ro 


|I—— 89 Ac 
90Th 
T Po 
92u 
period (4f) 
3Li — 1! Na 
3 ^ 4Be —— 12M 
7 
period 5 58 — 13A 
TTA 6c — 14Si 
He NO 7N —— P 
£ M . 80 — 16S 
Nor —7¢l 
10Ne — 18A pa 
" UE 
eim 
4 (5s) 
(is) (29) Gs) fn 82Pb (6p) 
838i 
4 
(2p) (30) (30) EU 84 Po 
85At 
(4p) (5p) 86Rn 


Fig. V.34 Bohr's Periodic Table 


y peers the occurrence of an inert t 
I oupings in the Table that gas a 
3 f 2 sar Bes xim. in the properties of the elements as we proceed with 
increasing atomic numbers. Rydberg showed that a simple numerical expression 
Cun be used forthe atomic number of the inert gases, as 
z= 2 [1242342139434 H4 des] 

P. — 10, A = 18, Kr = 36, Xe — 54, Rn — 86. The existence 
2 that He ae rH d the electrons occur probably in successive shells of 2, 
8, 8, 18, 18, 32 electrons. 5 i i ivi 

; 8, 18, 18, cterised by the absence of their chemical reactivity. 
x ae de gases fe oe which closely precede or follow the inert gases in 
on ne pme an "nd to be strongly chemically reactive. Those which precede, 
eC cl CL Br etc., are electronegative and those which follow, e.g., Na, 
Me F, O, S, Cl, le ctropositive. Because of the contrasting electrical character, 
n K, Ca etc., are € receding aD jnert gas readily combines with those of elements 
: P atoms of PER Seg. sodium spontaneously unites with chlorine. The 
Salei pm peo is determined by the distance of the position of the ele- 
me ue » hi Ps t gas, e£ 1 for sodium and for chlorine, 2 for oxygen and magne- 
nent from the inert & Hee phosphorus, etc. The recurrence of the common charac- 
sum, 2 for pent columns justifies the statement that properties of the ele- 

ristics in the difiere. heir atomic numbers. 


ments are periodic functions oft 
19 
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The chemical activity of an atom depends upon the magnitude of its external 
electric field. The atoms of the inert gas elements not only show lack of chemical 
activity but also exhibit little tendency to form polyatomic molecules or to condense 
easily into liquids or solids. All the inert gases are monatomic and have very low 
boiling points. It may then be reasonably concluded that electronic arrangement 
in the inert gas atoms is such that these have very weak fields at the periphery. 
In other words, the arrangement of electrons in the atoms of inert gases must be 
such as to have especially low energy, i.e., the most stable arrangement. The 
atom of an element which follows an inert gas in the Table has one or two electrons 
outside the stable inert gas core. These electrons are easily detachable yielding 
positive ions, e.g., K-atom will lose an electron to form the stable argon core 
with a unit +-ve charge. In fact, in the solid state these easily detachable electrons 
become somewhat loose as to render these elements £ood conductors of 
electricity. 

On the other hand, the elements preceding inert gases, require one or two 
electrons to attain the inert gas core. That is why elements, like chlorine, preced- 
ing inert gases easily pick up electrons to produce negative ions. Since these ele- 
ments have no extra electrons to spare to become loose, these are non-conductors. 
This scheme thus naturally explains the metallic and non-metallic characters of the 
elements. 


also clearly explained from this concept. In the formation of calcium chloride 


of a stable structure for the inert gas atoms with low energy can explain the chemical 
and physical characters of the atoms. 

To understand the significance of the classification then it is necessary to 
explain two broad facts : (1) why certain configurations are highly stable and 


Principle furnishes t 
satisfactory explanation of the periodic classification of elements, Sterne win 


an atom; the RR must be in the lowest possible energy-level, sub 

exclusion principle. As the atomic number increases, the electrons sh 

fill up shells and sub-shells systematically ; the quantum numbers Suey ae 

chosen are such as to place them in the most tightly bound state Possible, reduci 

the potential energy of the atom to a minimum. Sas 
In the table below, are given the electronic configurations of the elements on 


the principle stated above and these are also su : 
scopic data. pported from chemical and Spectro- 


The first element hydrogen (Z = 1) has onl one 

state of the atom, the electron should 2 ina Ipelechrone eran fle ue 
next element is He (Z — 2). The two electrons can both come into 1s-orbit E Bs 
the potential energy will be a minimum. The arrangement would be ae ically 
symmetrical and there would be no residual field outside the atom. Thi E n 4 
tion of nenm is then 1s?, the K-shell is thus completely filled up. tL AMENS 
i ith the next element lithium (Z = 3) an electro : iti 

in the L-shell. Again for lowest possible son feats Hoes of Hihium 
shall be in K-shell and one electron in the 2s-orbit. "That is, its configurati. hi 
15?2s. Lithium thus should have a valency one, which is a fact. restates 


i > ct. Itisc i 
much easier to remove a 2s-electron than an 1s electron from this qe a z 


` 


Transition 
elements 
N 
an 
a 
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THE ARRANGEMENT OF ELECTRONS IN THE ATOMS OF THE ELEMENTS IN THEIR GROUND STATES 
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IN THEIR GROUND STATES 


1s 2s 2p|3s 3p 3d|4s 


4p 4d pale 5p 5d Hi 6s 6p 6d |Ts 
adaa T 
51 Sb |2 8 18 | 18 2|3 d 
52 Te |2 8 18 | 18 2|4 
Santee 8 18 18 2|5| 
54Xe |2 | 8 18 18 2:6| 5p Full 
~~ 
sscs |2 | 8 18 8 ag 
(— | 56 Ba |2 8 18 8 2 6s Full 
-57 La |2 8 18 8 |1 2 
—| 58 Ce | 2 8 18 8 2 
| |sopr |2 | s 18 8 2 
a| 60 Nd | 2 8 18 8 2 
2] 61 Pm | 2 8 18 8 2 
8 62 Sm | 2 8 18 8 2 
863 Eu |2 8 18 8 2 
$ 5|64Gd |2 8 18 8 |1 2 
E 65 Tb |2 8 18, 8 2 
B|66Dy 2 8 18 8 2 
99 6 Ho | 2 8 18 8 2 
E |68 er | 2 8 18 8 3 
| 69 Tm | 2 8 18 8 2 
$l|7 Ye 2| s 18 8 5 
ECT7LL|2| 8 18 8 |1 2 4f Full 
72Hf |2 | 8 18 8 |2 2 
73 Ta |2 8 18 8 |3 2 
74 W |2 8 18 SNR 2 
75Re |2 | 8 18 pes 2 
76 Os |2 8 18 8 |6 2 
7x |2 8 18 8 |7 2 
78Pt |2 | 8 18 8 |9 1 
79 Au | 2 8 78 8 lo 1 
80 Hg | 2 8 18 8 jio 2 : 
5d Full 
81 Tl |2 8 18 32 18 214 
82 Pb | 2 8 18 32 18 Sis 
83Bi |2 | 8 18 32 18 Bills 
84 Po | 2 8 18 32 18 214 
85 At | 2 8 18 32 18 215 
86 Rn | 2 8 18 32 18 aie Siu 
— $ 
p ee Essen ce a Len Fe EUR | 
87 Fr |2 8 18 32 18 EUR 
88 Ra |2 8 18 32 
flea Ac |2 | 8 18 ES 5 : 2 | 75 Full 
90 Th |2 8 18 32 T à d 2 
91 Pa |2 8 18 32 18 da gn 2 
92U |2 8 18 32 18 amen 2 
93 Np | 2 8 18 32 18 |5! 3 2 
8| 94 Pu | 2 8 18 32 18 Gillies 2 
3 95 Am | 2 8 18 32 18 7/8 2 
96 Cm | 2 8 18 32 18 158 2 
97 Bk |2 8 18 32 ]8 |9| 3 1|2 
98 Cf |2 8 18 32 18 hol g 2 
99 En |2 8 18 32 E S 2 
100 Fm | 2 8 18 32 is as 2 
101 Md | 2 8 18 32 18 13 | g 
102 No | 2 8 18 32 TEE E 
BEL MN. NIU d SRL AMI] RIT 
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SB ionisagog potential of lithium is 5.39 volts and 2nd ionisation potential 

Beryllium, the next atom in the Periodic Table (Z — 4) has i 
ls and two in 2s orbit, having the configuration Fd It 2 SDi xd 
is completed and the s-subgroup of L-shell is also filled up. With boron (Z = 5) 
the added electron will have to occupy a place in the p-orbit of the L-shell as the 
other lower energy-levels are already filled up. The electronic configuration for 
boron is then 15?2s*2p. This process of gradual filling up of shells and subshells 
will continue until we reach the turning point at neon (Z = 10), when both. K- 
‘shell and L-shell are completed with electrons. Neon is then 152252256. ; 

The eleventh atom is sodium, immediately after the inert neon. Since K-and 
L-shells are fully occupied by ten electrons, the eleventh electron, for the minimum 
of potential energy, will take a place in M-shell at s-subgroup, i.e., its configuration 
will be 15?2s22p93s. This process will continue until we reach argon (Z = 18) 
when K-shell, L-shell and s and p-subgroups of M-shell are completed (see the 
table above). It will be noticed that after the completion of each shell, a new 
period begins as is expected from chemical data. The completion of a Shell or 
subshell means the most stable positions with weak external field and hence chemi- 
cal inertness. The valency is really determined by the extent of incompleteness 
of the gue shell. A ir 

The configuration of argon is 15?25?2p935?3p?. In the next element Potassi 
(Z — 19) we expect that the 19th electron (beyond the argon configuration) should 
take a position in 3d-state (i.e., n = 3, l = 2). But potassium closely resembles 
lithium and sodium in its chemical characters and further, these produce identical 
spectra. These spectra are caused by the electrons at the periphery. It is therefore 
suggested that the 19th electron will occupy a place in the 4s-state than in 3d-state. 
ee. Peu pner rahe potential energy in 4s-state in the 
atom is less than that 1n the 3a-state. e electronic structu i 
then be EON vM re of potassium should 

In calcium = -sublevel is not occupied but two electrons 
4s-levels ; Ca, 15°2s*2p%3s*3p%4s?. After calcium, T SVETEL: 3d-sublevel boas 
to be gradually completed until we come to zinc (Z = 30). Beyond zinc, since 
4s-subgroup is already filled up, electrons successively add themselves to 4p- 
subgroup. On the completion of 4p-subgroup, we arrive at (Z = 36) krypton. 
having the configuration, 15?25?2p935?3p93d104524p6, à 

The table however indicates that the 3d-sublevel is already completed with 
Copper (Z — 29), the configurtion shown is 15?25?2p935?3p93d!94s!. This means 
that copper should behave like an alkali metal with one electron in 4s-orbital. 
But this is not so, the 3d-levels and 4s-levels are so close in Copper that bivalent 
Cut+ ions are readily formed. f 

The sequence of metals from Sc (Z = 21) to Cu (Z =29) form the transitional 
elements. In these also 3d-and 4s-levels are quite close and that is why they are 
apt to show variable valence and coloured compounds. 

The element following Kr is rubidium (Z = 37), which is a typical alkali 
metal and has a 5s-electron in spite of 4d-and 4f-levels remaining unfilled. Similar- 
ly, in the following element Sr we have two 5s-electrons and it behaves like calcium. 
From the next element Y(Z = 39) the 4d-levels are lower than 5p, so commencing 
from element Y to element Ag (Z = 47) the 4d-levels are first filled up. These 
elements constitute the second transitional series. 

Silver (Z = 47) has a configuration like that of copper and next element Cd 
like that of mercury. These two elements have 4d-levels completed and have 1 
and 2 electrons in 5s-level. , 

The 5s- and Sp-orbitals are completed with xenon which is followed by the 
alkali metal Cs with one 6s-electron and Ba with two 6s-electrons. 

In the next element lanthanum, the added electron, enters the 5d-level and a 
next transitional series is expected as with scandium earlier. But with the rise in 
atomic number, (Z) it was found that 4f-levels are now sufficiently low and this 
level is first filled up in preference to Sd-level. The maximum number of electrons 
that can be accommodated in 4f-level (| = 3) is 2(2/-+-1), ie., 2(2.3--1) = 14. 


EEEE E 
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So 14 elements from Ce to Lu are obtained in which successively the 4f-levels are 
filled up. All these fourteen elements have outer configuration 55*5p96s?. This 
is why these 14 rare earth elements, as they are called, have identical chemical 
properties and their separation is so difficult. à | 

Hafnium comes after the rare earth elements with (Z = 72), with the outer 
configuration 5d?6s?. After Hafnium, Sd-orbital is filled up producing another 
transitional series. Then begins the building up of the 6p-levels. This ends with 
Radon with an outer 6s?6p9 structure and hence inert in character. The same 
procedure continues after radon with the radioactive transuranic elements. Careful 
observation of the table would indicate that with Ac, 5f-shell begins to be filled 
instead of 6f-or 7p-levels. The result is, like lanthanide rare earths, a series of 
similarly behaving elements beginning from Ac(Z — 89) called Actinide rare earths. 

Thus we see how a beautifully simple scheme 
explains the entire classification of the elements indi- 
cating the regular variation in their properties. We 
have thus gained a real insight into the structure of 
the atoms. 

-We may have an idea of the relative energy 
levels of p, d, f, orbitals with increased electronic 
charges from the diagrammatic representation given 
in Fig. V.35. This explains the preferential filling up 
of the sub-levels. 


V.31. Ionisation Potential and Electron Affinity. It is 
necessary to mention here two atomic quantities 
which have a bearing on the atomic structure and 
indicate the chemical character of the element to a 
large extent. These are the ionisation potential and 
the electron a ffinity. 

The ease with which the outermost electrons 
i.e., the valence electrons, can be removed is a guide 
to the ease with which the element forms positive 
ions and thus it is a guide to its chemical reactivity. 
The ionisation potential (I) is a measure of the ener- 
£y required to remove a valence electron from a neu- 
tral atom in its ground state ; it is expressed in ev 
units. We have seen in Sec V.19 an estimate of the 
ionisation potential of hydrogen. Naturally the 
Fic. V.35 Energy levels of weakest bound electron is removed first when we 

orbitals (diagrammatic) obtain the first ionisation potential d 


K—K*-e; AE = 4.34 ev. 
(Lev = 23.06 Keals/gm-atom) 


The first ionisation potentials of some atoms are given in the Table below : 


I, (ev) Element Element I, (ev) 
0 v, 


—_ M] 


9.32 


7.64 
6.11 
5.7 

5.20 


The ionisation potential depends on three factors : 


(i) the distance of the tlectron from the nucleus ; 


electrostatic, ionisation potential will decrease with incre. 
radius. The I. P. decreases with increased size, 


since the attraction is 


[ ase in R, the atomic 
e.g., in Group I metals, 
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Gis the magnitude Ei the nuclear charge ; 
ii) the screening effectiveness of the other electrons on 
the nucleus. 

Once the weakly bound outermost electron is removed, the other valence 
electrons are held more firmly from the centre with increased positive charge. It 
becomes progressively harder to remove the second and the third electrons It is 
not surprising that second ionisation potential is often nearly double the first 

" 


when electrons are removed from the same shell. To illustrate : 


Be Cc N F Mg Ca 


1st ionisation potential 9.32 11.26 14.5 17.4 

te ionisation potential 1821 2438 290. 349^ 1503 1137 
The energy given out when an electron adds to a neutral atom i 

the electron affinity. The electron affinities of the halogens of ae E 5 

are the highest as these have only one electron short of an inert-gas SiE 

The electron affinities of metals are usually very low. 3 


Electron affinities 


Ion formed : _ FC br CL. Oa Rr Ora) Ser 
Electron affinity (ev) 3.62 3.80 3.56 328 1.3 1.70 -728 —3.44 
Addition of a second electron to a negatively charged ion becomes quite difficult 


in view of the e 


lectrostatic repulsion. Although O-- and S-- would have inert-gas 


configurations by addition of two-electrons, yet the addition of the s 
requires so much energy that electron affinities become negative. ERR ERE 


IDPP 


1. 


SUGGESTIONS FOR FURTHER READING 


Quantum theory and Wave mechanics — Dushman, J. Chem Edn 8, 1 
The nature of the chemical bond — Pauling n 8, 1074, 1931 
Source book of atomic energy — Glasstone 

Elementary wave mechanics — Heitler 


Atomic spectra — Kuhn 
Atomic spectra and Atomic structure — Herzberg 


Quantum chemistry — Pitzer. 


Problems 


Calculate the wave numbers (¥) and wave lengths (A) of the Ist line in the Lyman and 


the Balmer series. 


2. 
3. 
4. 


also its kinetic en 


5: 


Calculate Bohr’s radius of the second orbit of the hydrogen atom. 
Calculate the mass of an electron moving with a velocity 1 x 10!? cm sec™. 


Find out the velocity of the electron in the first Bohr orbit of thehydrogen atom. Calculate 


ergy and total energy. 


What is the wavelength associated with a particle of mass 0.1 mg moving with a speed 


of 1 x 10* cm sec ? 


6. 


the wavelength o 


7. 


What will be the wavelength of an electron when its kinetic energy is 1 ev? Calculate 
f an electron accelerated through a potential difference of 1 Mev. 


A worm (mass 0.1 gm) is moving with a velocity of 0.01 cm/sec. What is the uncertainty 


in its position? 


8. 


9. 


10. 


Show that the bin! 


(i) What do the following configurations represent : 
(d) Is*2st2p* 3s°3p° 4s? (b) T92592p 3s3p* 3d? (c) Is*2s*2p* 3s?3p* 3d1°4s%4ps 
(ii) Give the electronic arrangements of : a 
(a eu OCOL, 53) (d) Ra (at no. 88). 
Explain : 
(a) inertness of argon (b) variable valence of iron 
(c) similarity in chemical properties of rare-earth elements 


(d) chemical behaviour of Radium is like that of Barium. 
mass 


Given 
iH 1.007825 
in 1.008665 
He — 4.002604 
ding energy per nucleon in helium nucleus is 7.083 Mev. 


CHAPTER VI 


THE CHEMICAL BONDING 


atom of the element can combine. Thus 
have valences 1, 2, 3 and 4 respectively, 


i H 
H—Cl, H—O—H, H—N—H, l A etc. 
i AIN 
HHH 
In many cases however, this number may vary, i.e., some elements may have 
variable valence. To illustrate B 
a Cl 
| 
CI—P—CI . CI-P—CI 
YON 
CI CI 
(PCl;) (PCI) 


It is generally assumed that the valences were more or less like “h p 
associated with the atoms as depicted above. Thus, hydrogen, chlorine, Jur 
, 


are supposed to possess a single bond ; oxygen, calcium have tw ; nitro- 
gen, bismuth have three bonds and so on. © bonds ; nitro 


H—, - Cl—, Na— ; —0—, —Ca— ; m 
Each bond of an atom has the capacity of linking with 


: one hydro i 
atom. The union of two atoms occur through the fusion of the Bonde Men ine 


» —Bi— ; ete, 


outstanding achievement wh 
not only the optical activity of 
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the existence of isomers, but also the structure of other saturated molecules. 
Excepting in CO, in all other carbon-compounds, carbon was considered quadri- 
| valent and was given the tetrahedral model. To retain the quadrivalency of carbon, 
| it was however necessary to assume the formation of double and triple bonds 
between carbon atoms in unsaturated compounds, as in ethylene or acetylene. 


—— 


H H 
NEM 

C=C H-C=C_H 
VAIN 
H H 


F ethylene acetylene 


Such unsaturated compounds are highly reactive as they possess a spontaneous 
tendency to be saturated. Saturated molecules are those in which all C-C linkages 
are single-bonded. This is why unsaturated compounds easily form additive 
W compounds by releasing its valences from double and triple bonds to unite with 
available atoms or groups. 
M p. HCIH 
| | 
| Cc cl Ne 
| I + | — | 
| p e C 
S VAN 
H H HCH 


| The theory of valence bonds enunciated so far was not found sufficient to 
elucidate the formation of various complex salts, soluble salts and hydrates, such 
as cuprammonium compounds, platinichlorides, ferrocyanides, etc. These com- 
pounds may be represented as two compounds united together, such as, 


| K,Fe(CN), > 4KCN, Fe(CN); ; K,PtCl, = 2KCI, PtCl, etc. 


But such representation would not be correct in view of the fact that the separate 

f the two molecules is not revealed in the formation of their ions in 

solution. Potassium ferrocyanide solution yields Fe(CN),'~ ions instead of Fe?* 

ions. Similarly. chloroplatinic acid contains PtCl,2- ions, and cuprammonium 
b salts produce Cu(NH;)?* ions. . ` z l 

ent that six (CN) radicals are linked to the iron atom in ferrocyanides, 


It is evid U ; : He : 
six Cl-atoms are associated with the Pt-atom in platinichlorides. Their structures 


are expressed in the form : 


existence o. 


tc LE Lu aq 
CNCNCN CI CI C 
Xl Nel 
TN DAN 
C CNON CI CI Cl 


he central atoms “Fe” and “Pt” exhibit a maximum valenc; i 
It appears t he formation of such complex molecules, Werner (1891) EH 
| a new theory, which was subsequently found to be quite correct. According to this 
p n atoms have a capacity to link to themselves a definite number of 
adicals (or even molecules) irrespective of their own valency. 
These groups or radicals are rather firmly attached to the atom, called central 
tionise. The maximum number of the groups or radicals attached 
usually six (or four) and is called the co-ordination number. 
ps thus attached to the central atom constitute the inner zone 


The atoms or grou 
of the complex mol 
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atoms or radicals, which are not held very firmly and may ionise. To take the 
example of potassium chloroplatinate, K,PtCl,, the co-ordination number of 
the central Pt-atom is six ; six chlorine atoms are attached to the Pt-atom forming 
the (PtCl,)?~ co-ordinated complex, in which the chlorine atoms would not ionise 
being in the inner zone. In the outer zone are attached two potassium atoms 
which ionise easily. It is obvious the complex ion is a divalent one. 


CI CI 
NI 

Pt 
A 


Sd 


is Clalit 
Z 
K;[PtCl] = 2K+ + [PtCl,]-- = 2K* + 
S 
€ | 
The atoms or radicals in the co-ordinated comp! 


à í lex have also a definite spatial 
arrangement. The six-co-ordinated complexes poss 


ess octahedral structures, 


CN 


(a) [Fe(CN),]“- 


(6) [PtCi]- 


Werner’s theory was supported from the chemical behaviour sh z 
ordinated compounds and was also established from the itrucha al HP na 
exhibited by such compounds, Wherever possible. In the beginning this idea of 
a central atom taking up six coordination groups irrespective of its own valenc 
had a poor acceptance but subsequent knowledge proved the theory to be essentially 
sound. 

These ideas about vaiency, developed by the chemists ba: 
vation of the chemical behaviour of the molecules, SEN the RON x 
Bohr work on the concept of atomic Structure. But the developments zi 
theory of valency at the time were not made with an understanding of the nature 
of forces which caused the different types of union between atoms or the arra: ri 
ment of atoms in the molecule. The knowledge of electronic confi Ferne 
atoms in the beginning of this century:gave a new and Teasonable inte AA 
of bonding between atoms and an understanding of the affinities FORE b 
atoms in their union. This is often mentioned as the electronic theory of 
valency. 

We have seen in the previous chapter that the extraordinar ili T 
gases is due to their stable electronic configuration ; all the inert ane eight 
electrons in their outermost orbit. The elements which immediately mids en 
inert gas in the periodic table, namely the halogens, are all strongly electronegative 
and univalent. The elements which immediately follow the inert gases in ies 
i.e., the alkali metals, are all strongly electropositive and univalent. It was suggested 
that the atoms of different elements would always try to acquire a stable configura- 
tion of eight electrons in their outermost shell, akin to that of the inert gases. 


—— MS 
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This is the fundamental principle of the e i 

achievement, of stable d oufisuration is d AT the cu es valency. The 
there are two extreme cases of chemical bonding and compou ee Basically 
terised either by one or the other and in many M E S de charac 
the two. These two extreme nature of bonding should hectare pu 


separately. 


VL2. The Ionic Bond. The atomic structures of halo ii à 
a-vis the inert gases are : gens and alkali metals vis- 


Halogens Inert gases Alkali metals 
F 27 Ne (2, 8) N 

, a (2, 8, 
cal 0 87 A Q,8,8) BEY 
Br (2, 8, 18, 7) Kr (2, 8, 18, 8) Rb (2 8, 18, 8, 1) 


1 28,18, 18,7) Xe (2,8, 18, 18,8) Cs @, 8, 18, 18, 8, 1) 


Every halogen atom has seven electrons in its outermost orbit and would 


need only one electron to attain the stable configuration of : 
On the other hand, every alkali metal has one "mM ne See T 
which it would try to part with in order to attain for itself a stable confi s 
tion. Kossel (1916) developed the theory that in the formation of akale like 
KCl, which readily ionise and conduct electricity in solutions a transfer of elect 

occurs from one atom to another producing stable configurations "Thus Sh ron 
potassium atom unites with a chlorine atom, the former readily aie Vh ds 
outermost electron and the latter takes up the'same. The potassium om beu à 
positively charged K* ion with a stable structure, while the chlorine atom is a 
dered into negatively charged CI- ion also with a stable structure. enam E N E 
sitely charged ions remain associated together by electrostatic forces to MEN ne 
hat in the formation of KCl molecule transfer of electron 


the molecule. It means t EE hel 
takes place from one atom to the other. The ions would separate from 
under suitable conditions, say, in a solution. P one another 


ria E GI = ILS) [cl] 
(2, 8, 8, 1) (2, 8,7) (2,8, 8) (2, 8, 8) 


Similar transfer of electrons also occurs in other compounds, e.g. 


We d S = [Mg**] IS (two electrons transferred) 
2,82) (2,8.6) (2,8) (2,8,8) 
MD 20 = [ctl [Ca**] [Cl] (two electrons transferred) 
DUM one CoD Oen (2,8,8) 


It is evident in such combinations, every participant atom wo i 
the stable inert gas configuration. Such a chemical bond with eee 
electron has been named ionic bond and the resultant molecules are ionic 
compounds. , Mh 
That in a molecule formed through ionic bond the two oppositely charged 
ions exist together through coulombic attraction can be easily understood noe 
energy consideration. Let us consider the case of NaCl molecule. In chapter II 
we have seen that the solid crystal of sodium chloride consists of definite arran : 
ment of Na* and CI- ions and to speak of sodium chloride molecule is E C 
less. The existence of à molecule of sodium chloride can be visualised only in Qs 
vapour phase. It is presumed that a Nat ion and a Ci- ion are bound there 
through electrostatic attraction. Both the ions carry unit charge, e. If r be the 
internuclear separation, then the attractive potential energy of the system i 
When the two ions are sufficiently close, there shall also be E 


dyin = me de : p 
or between the inner-shell electrons. Born and 


repulsion between the two nuclei or 1 
Meyer suggested empirically that this repulsion potential may be expressed in the 
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form be-?r, where ‘a’ ad ‘P’ are Constants. In all ionic bonds, ‘a’ is taken to be 
approximately equal to 3.3 x 108 cm™. The net potential energy of the system 
[Nat] [CI-] is 


Ue — $ be-3-3x108r AAD 


*r' as the equilibrium internuclear distance 


to zero. 


o SU(KCal 


Fic. VI.2. Pot 


-energy variation with internuclear distance (Nach, 


For comparison, the potential energy of NaCl assuming non- 
(say covalent union) was also calculated and Plotted in Fig. VI.2 
when the internuclear separation is relati 


onic linkage 
à : It sh 
vely high, the pot; energy o ows that 


less than that of (Na*--CI-). For, f (Na +Cl) is 
A H(Kcals) 
Na = Nat 4+ e s 118 
Cte = c- by — 86 
Na+Cl = Nat + Ci- "mo à» 


That is, at relatively large Separations, atomic Na and CI 
(Na*--CI-), and the molecule should break X into atoms. ome stable than 
tances, (r <10A) should these remain as ioni 

The ionic bond explains the formati 
ionise, but it cannot account for t 
For these compounds, the other t 
has been proposed. 
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| VI.3. The Covalent Bond. It was G. N. Lewis who pointed out first that it was 
possible for atoms forming a molecule to attain inert gas structure even without 
any transference of electron from one to the other. Lewis (1916) proposed that 
the union of atoms in molecules like H;, Cl, etc. and in most organic molecules 
resulted from sharing of a pair of electrons between atoms in such a way as to give 
complete octets for the participating atoms. For example : a chlorine atom has 
seven electrons in the outermost shell. When two atoms unite to form a molecule 
of Cl,, each atom would contribute an electron to make a pair to. be shared by 
both the atoms ; : 


:Cl. + ‘Cl: = :C1:Cl: 


There is thus a common pair of electrons, supposed to belong to both the 
atoms, which counts in completing the octet round each atom. The central pair 
of electrons links the two atoms. This type of linking between two atoms by joint 
sharing of two electrons, one contributed by each participant, was named covalency 
(or covalent bonding) by Langmuir. : 

We can cite other examples. Carbon has four electrons in the outermost shell 
and it needs four electrons to complete the octet. These four may be obtained 
by common sharing of electrons with four chlorine atoms, or (say) three chlorine 
and one hydrogen atom, as follows : \ 


:Cl: 
ar :Cl: 
| Cl + °C. + Cl: — :C1:6:c:; 
:Cl: 
:Cl: 
oF :Cl: 
cl ap Wer T.H —» :C1:C:H 
E Cl: 
CR ~ 


It will be noticed that each atom has attained stable inert gas configuration. 
In the case of hydrogen, instead of an octet, a duplet of electrons will be sufficient 
to produce nearest inert gas (Helium) configuration. Similarly, the formations 
of methane, water, phosphorus trichloride take place through covalent 


bonding, as : 


H 
H:0:; H:Č:H ; :i P id: Ue: 
a H dor 
Ordinarily, the valence bond is represented by a line between atoms, as 
H 
e S : CPCI , 
i l á 
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Each covalent bond is tnus equivalent to a pair of electrons. In unsaturated 
compounds, it may be necessary for two atoms to share jointly more than one pair 
of electrons, as in ethylene, acetylene etc. 


H:C:: CH H:C::C:H 
HH 
H—C=C —H, ethylene 
[ H—CzC-H, acetylene ] [ IERI ] 
iol Jet 


As with ionic bond, we may consider the energy changes in the formation 
of a covalent bond to find out its stability. In the case of CCl, formed from 
carbon and chlorine atoms, we may calculate as : 


energy absorbed 
C(s) = C (atomic) ; AH = +171 Kcals (Heat of sublimation of i 
j graphite) 
2Ch(g) = 4Cl ; AH = +2x58 = 116 Kcals (Heat of dissociation) 
4cl+C = CC, ; AH = —314 Kcals (4 x bond-strength) 
C+2Cl, = CCl ; AH = —27 Kcals. 


The. formation of covalent bonds in the molecule is thus naturally expected 
to ensure stability from its lower energy-level. 

Lewis theory explains clearly the formation of the covalent bond through 
sharing of electrons and also most of the chemical behaviour of covalent com- 
pounds. But the theory does not provide any answer to the fundamental question 
of how the sharing of electrons leads to the stability of molecules, or for that matter 
why at all sharing should occur. An answer to this question ultimately was obtain- 
ed from the application of wave mechanics. 


VI.4, Qualitative Explanation of the Covalent Bondin: - The Schrédi 
equation appeared in 1926 and since then attempts Su Suse Menu the 
nature of the covalent bond through its application. Alth: 


molecules, namely H;, has been more or less adequatel 
I S be y treated and even then 
the mathematical complexity is too great and beyond the scope of this text. We 


tion of wave mechanics to the H,-problem, and i i 
ia other molectlag Systane aP ; and in general, to the covalent bondings 


In a hydrogen mole- 
cule, two atoms are linked 
together by a non-ionic or 
covalent bond, H-H. The 
system consists of two 
protons and two electrons. 
It is known that the two 
nuclei containing a proton 
each oscillate against each 
other. The equilibrium 
internuclear distance (re) 
and also the minimum 
energy at that separation 
have been experimentally 
determined. The problem 
is now to see if these ex- 
perimental values of energy 
could be confirmed from Fic. VI. 3 


[ VI4 EE eR 
CAL 
BONDING 303 


wavemechanical calculations. In suc i i 
electrons are to be analysed. When M M. wave properties of the 
approzeh m other, the electron waves overlap. In the. Re ints orbital 
ede of oe inopposiionleading to destructive interference, Called ening D 
H lcd Won á ie result is an increase in the repulsive force so RNE 
overla i h possible. On the other hand, when the elect SUCI 
Der p ; n uch, a way as to cause constructive interference, called s ie cine 
oupling, the electron density (proportional to 1?) in the E symmetric mode 
nuclei increases. This higher electron density, negative in ey the Tee herus the 
the two protons of the two nuclei (Fig, V1.3). The result is a stable H. cements i 
This is the explanation of the covalent bonding from wave pro a E s molecule. 
electron density in the vicinity of the nuclei lowers the iale The'excess 
It is necessary now to evaluate mathematically the energy cn 1 jenerey level. 
is quite difficult. The quantum mechanical approach has been m id already stated, 
namely, (i) by valence-bond method and (ii) by molecular orbital Le hoe 
The Variational Principle. Before we proceed to pem mavon 
of the valence-bond and the molecular orbital theory for coval b approaches 
general aspects of Ritz's variational principles used for a a onding some 
Siranee equation need consideration. pproximate solution of 
uantamechanically speaking, a knowled A 
obtainable as the solution of Schrödinger P pA of a system, 
taining the properties, including energy, of the system in the n asis for ascer- 
Unfortunately, all molecular systems have their Schródinger est possible way. 
forms that are not exactly soluble ; even the simplest H Em STA OE, cast in 
tion. It is therefore necessary to rely upon approximate Sa NSIN is no excep- 
consequently approximate wave functions V, which may then be f 2 sgolution and 
. When applied to a molecular system, Ritz's variation s rti S refined. 
itself mainly with the evaluation of approximate value of en inate Galion 
in the pp state. ergy and wave function 
Since for the molecular system of inter ; 
obtained, an intuitive clever guess for the SEDI fon M RS, cannot be 
ximate y may be very close to true y if the guess is a good ma e. This appro- 
far from true V if poor guess 1S made initially. The molecular aces may Re 
can be evaluated with the assumed V. If the agreement with a y, Say energy, 
value is poor, the form of assumed V is modified. The process of it experimenta 
nued until we close upon almost the true 4 and almost the true E oR 
an alternative procedure o often oe as indicated below gy. In practice, 
Suppose the guess is Y = ¢1¢1+¢a%2 Where the functi ji 
are known and cı, cs, unknown initially, are Side EGER Dép eed 


wave equation will be 
8z?m 


VY+- (6 U)9 = 0, 
—h? 
oF 5) = [gov *v]s 
or ¢ eb = Hj 
REN : h? 
where H, the Hamiltonian operator 1S [ - (scm, jv? +U ]: 
Hence. Mcd nets CREED) eb 


Now according to à fundamental postulate of wave mechanics, the energy of the 


system, defined by y, is given as 
| patter 


tem T) 


element of volume in the configuration space and the integrals 


where dr is a small n 1 
he entire configuration. 


are to extend over t 
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From (i) & (ii), we have 
ll [eidi + Coo] H (e), + Copo)dr 
T 
[lets eda 


CiAn + C24m + 260544; es 
€Ci511 T C3S22 + 26,65, 


. (iii) 


or € 


where 4; = | hitnar ; An = Im ; Ar = [tattbade = [etian 


sy = fria; $29 = [ew Si = [ese 


It will be remembered that c, and c, are unknown and for different magnitudes 
of the pair, the energy value (e) will alter, In the ground state, the energy level 
will be minimum and such values are to be ascribed to c}, c, as will make e the 
lowest possible. This will be attained by the simultaneous satisfaction of the differ- 
ential conditions, 


ĝe de 
— = = —0. 
Bex 0 and Ic 


Evaluating be and os from (iv) and equating each to Zero, 
1 


of relations emerge, 


the following pair 


G[41i— 65] + cof Aes] = 0 
¢[Ay2—e5;2] + cof 459—655] = 0 
These two equations together with (ii) provide necessary requirements for evalua- 
tion of c, c, and e. If the energy value only is required and not the wave function 
(which involves c, and ¢2), the two simultaneous equations lead to the secular 
determinant, viz., 
4n—esy, 413—651; ^ 
415—651 An— 655 
from which e can be easily determined. This method of minimisation of energy 
is one technique of treating atomic molecular problems wavemechanically. Any 
successful application of this method depends on a clever assumption about the 
wave function in the first place and secondly on the mathematical feasibility of 
€ above determinant. 


approach for the interpretati lent 

bond originated in the works of Heitle j uo ENNIUS 

l wave equation. The method was further 

developed by Pauling and Slater. The contents of this method wiil be revealed 

through the specific illustration of the h 

Let the two nuclei in the H;-molecule be Tepresented by ‘a’ and ‘p’ and the 

two electrons labelled (1) and (2). If we start with two hydrogen atoms far from 

each other, their respective wave functions would be jb and $0), the same as 
the H-atom wave functions in the ground state. : Ec 


[ «e = $0 = = e-R 


» Where R is distance of the electron from the 
nucleus in Bohr units | 
DAR es eee, 


*The two integrals are equal [See Margenau and Murphy, Mathematics of physics and 
chemistry (Van Nostrand, 1943), pp. 328]. 
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Their separate energies are eg = e, = €H and their Hamiltonian operators 


2 2 
viz [ = ges Vit Us IE: [ a a V+U } which are independent 
of each other, depend on the electronic co-ordinates of (1) and of (2) respectively. 
If we consider the two atoms far apart as forming one system of which the net 
wave function is ws’ and the energy ea + € = 2ey, it follows readily that 4” = 
40 92.* Ifnowthetwo atoms be moved towards each other, gradually their 
charge clouds and hence their orbitals or wave functions will start overlapping, 
necessitating gradual and simultaneous slow changes in orbitals 40, 49. 
The separate hamiltonians will no longer be independent and will give rise to a 
resultant hamiltonian, dependent on the co-ordinates of both the electrons and 
both the nuclei. Under sucli conditions, it is supposed that the wave function of 
the enfire system is given by #1 = % gage an expression similan to yig 
which is in reality a guess-work. But Heitler and London pointed out the inade- 
quacy of such an assumed orbital. There is hardly any experimental possibility 
of distinguishing the two electrons (1) and (2) when overlap occurs. It is also not 
possible to restrict an electron on to one i cp pad PE D Pus 
coh? 40 i ceptable as Jj. In sum Heither an ondon guessed a 
Coka HOD E which is a combination of y, and pa, viz. 
Cy $0 po + C2 $2 $9 : 


y= ty +e = a. ge 
Pn. :ational principles for the minimisation of energy of a system 
The application of variationa! p c, and energy e. For different fixed nuclear 


i valuates €i; 
represented by this J evalu I alues lead to the molecular energy 


i P ini e Vi 
distances, calculations of such minimum energy ) 
i j is di e mini of H,-molecule i 
diagram. From this diagram, the minimum enersy ^ e is found to be 


3.14 e.v. for an internuclear distance of 0.869 A, as against the experimental 


k o 

i clear separation of 0.74 A. Further refine- 
value of 4.74 e.v. for an equilibrium nu : ; : SES 
ran ie istum Gon of the trial wave-function y—incorporating polarisation, 
ONIS ‘ib tion to bond etc. when overlap takes place—lead to the theoretical 
aan di a energy and equilibrium distance quite close to the observed ones, 
indicating ike inherent correctness of approach of the valency bond theory in inter- 
an STEUERN link nde bond aproach is thus to choose wave functions of 
M he essene OTN the combining atoms and to form a joint orbital or space 
wave function. 


ibriun 


pasa? tad? $9 
eti lectrons in the molecule b 
3 pua a he description of twoe the € y) 
WB a sioman OF carte on requires separate spin characteristics (spin wave- 
a common space wave bat the resultant orbital (i.e., product of space 


3 s, sot A 
functions) for two electrons, antisymmetric. 


and spin wave functions) becomes 


This is the quanta mechanical interpretation of the Lewis orignial idea of 
his is the q - 1 
electron pairing in covalent bon 


d formation in H, molecule. 


co Se RUM I s 


*In such an assumption. pig (5 e 
EA EI + a |b (ss ) 
Hie ll aU + u] 27 [ 87m uc i 
8m 


87°m 


o E 4 2) 
2 (| pS enu] j 
- sp fet ees] ttm] ee 
85m 
a) (0) HOV. (uo em Gy DOS igi? 
on ny’ = n (gD) = eate hl a a 


i d 1) „t2 
ms are far apart. Hencethe assumption p= eO 2p 


This conforms to reality when ato 


20 u—— 
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The Molecular Orbital method. The m.o. method was originally developed 
by Mulliken, Hund and Lennard Jones and latterly perfected by a host of other 
workers. Here the starting point is the molecule or rather the skeleton of a 
molecule with its nuclei in fixed positions and the inner shell electrons occupying 
their non-bonding orbitals which are mostly the same as would be found in the 
separate atoms. The problem here is to ascribe wave functions or molecular 
orbitals to the original valence shell electrons of the atoms, when these bind 


the latter together into a molecule. In other words, just as atoms are built up by 


The bare outlines of the principal features of t 
in the context of bond formation in H, 
for the hydrogen molecule consisting of 


his method will be explained 
-molecule. The Hamiltonian operator 


two nuclei and two electrons is, (see 
Fig. VI.4), 
A! h? 2 2 e? e? e? e? e? e? 
oe [V+ r e a 


When $ represents the molecular orbital, Hy 
this approximate ) in such a way that it (i) 
the Pauli exclusion Principle when electronic 
spin wave functions are considered addi- 
tionally. 

In the first place we guess a trial wave 
function using our intuition or experience. 
One guess, proved useful, is to assume Ņ 
to be constructed from one electron mole- 
cular orbitals each of which may be a linear 
combination of known atomic orbitals 
(L. C. A. O.). On this idea, electron (1) will 
tend to occupy a molecular orbital Fic. VIA 

1 = 196 - Lcd! in the net electric field provided by the two nuclei and electron 
(2). Similarly, electron (2) will tend to occupy an orbital p, = e + 0,4) This 
is simply a linear combination of two atomic hydrogen Is-orbitals, The joint 
wave function or net molecular orbital y is then 

= Va X te = Lead! + eA] [e 4 + cag] 
Application of Ritz’s method for the minimisation of energy with this trial wave 
function leads to values of ¢,, €; and e. In actual evaluation, it turns out || e 

| c2 | , as is expected on Symmetry grounds, and that two Orbitals, Corresponding 
to two energy values (one higher and one lower), result. It is the lower energy 

value that only roughly 

d EE m the experi- 
y mental value of the bind- 
bonding ing energy of the H;-mole- 
cule. Of the two orbitals, 


the one with the lower en- 
we ergy-value is called the 


bonding orbital and the 
other, the antibonding or- 
bital. In the bonding m.o. 


the electrons have their 
pone Vx N charg 


e distribution some- 

(C2 C+) what concentrated in bet- 
ween the two nuclei and 

x also about the nuclei. In 

anti bonding the antibonding orbital, 


the charges are pushed 
Fic. VI.S apart from each other. 


=cys. We should set out to find 
minimises energy and (ii) satisfies 
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l 
| lt is a general mathematical result that the number of molecular orbitals is 
equal to the number of atomic orbitals used in the linear combination for the 
formation of m.o. The m.o.’s so obtained are made to occupy from the lowest 
energy upwards by electrons, two at the most per m.o. The spin wave functions of 
the pair of electrons should be such that the Pauli Principle is not violated. 
The atomic orbitals chosen for linear combination to form molecular orbitals 
satisfy the characteristics : 
(i) Energies associated with the different atomic orbitals should not differ much. 
(ii) Symmetries of orbitals chosen should permit proper overlapping. 
(iii) Extent of overlap should be the maximum possible. 
This is M.O. method. Both V.B. and M.O. methods are approximations 
used in applying Schródinger equation to molecular systems. 


VI.5. Directed Valence : Hybridisation. In the H,-molecule, for the formation 
of the molecular orbital, two 1s-atomic orbitals are involved. The s-orbitals 
being spherical the effect is the same from whichever direction the overlapping 
of the orbitals might have occurred. In's-orbital overlapping, there is no prob- 
lem of directional orientation. But directional considerations become quite im- 
portant when electrons in the p or d-orbitals take part in bond formation, as in 
chlorine, oxygen etc. The p-orbitals may overlap ‘end on’ as in Fig. VI.6(a) and 
give rise to a bond similar to that formed between s-orbitals. Such a bond is 
called a o-bond. But the p-orbitals may also overlap ‘sideways’ as in Fig. VI.6(b), 
to give rise to a bond called z-bond. A double bond consists of two bonds, one 
a-bond for pz-orbitals (say) and another z-bond from p; orbitals. 


Fic. VI.6b 7-bonding orbitals 


There is another important aspect in the directional consideration of bonding 
which needs mention here. Sometimes, two or more atomic orbitals may combine 
to yield an equal number of new atomic orbitals which are identical with one 
another but different from the original ones. This is also justified mathematically, 
For example, one s-orbital and three p-orbitals may combine to give rise to four 
identical sp*-atomic orbitals. This is called hybridisation and the new orbitals are 
hybrid orbitals. We may explain this with an illustration, say the bondings in 

s 1 
Be ground state of a carbon atom, the electronic structure is 15225?2p?, 
It has two unpaired electrons in the p-orbitals. This can be represented as 


Is 2s 


o © 000 


Normally it is expected that the two unpaired electrons will form two bonds 
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with the electrons of the combining element and carbon should exhibit a tendency 
to form two bonds. But four bonds do occur. It has however been found that 
with a small energy one of the 2s electrons may be excited to fill up the empty 
p-orbital, so that the structure becomes, 


Is 2s 2p 


OO) OOO 


dite carbon atom has now four unpaired electrons capable of entertaining 
o 


four bonds, as in methane, combining with four electrons of four hydrogen atoms. 


Fic. VI.7. (a) Px, Dy, Pz orbitals (b) 5p? hybrid orbitals 
(c) sp? hybrids bonding with 1s-Hydrogen orbitals 


The energy required for this initial excitation is more 
effective decrease in overall energy due to the f. 


ke part in bonding, one 
-Orbitals. When 


n methane and the 
one 2s-orbital and 
identical Sp?-hybrid 
from the carbon 
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nucleus towards.the four corners of a regular tetrahed: i 

hedral orbitals are quite stable and recede as far away as PO TERN T 

making an angle of 109°28’. These hybrid orbitals then couple with 1s-orbitals 

of the hydrogen atoms (Fig. VI.7). We thus see a corroboration of the structur 

posed by rs BE ang, Van't Hoff. z 
The problem o irected valence also arises in the H.O mol 

tron configuration of the oxygen atom in the ground state is ao Eus 


pro 


Is 2s 


a TORES 


The 2pz-orbital is filled up and one unpaired electron is present in each of 
the py- and pz-orbitals. The 1s-orbitals of two hydrogen atoms would overlap the 
py- and pzorbitals forming localised molecular o-bonds. As py- and pz-orbitals 
are at rt. angles, the two hydrogen atoms will form an angle of 90° between them 
[ Fig. VI.8(a)]. But the experimental evidence indicates this angle to be 105°. The 

rtly attributed to the polar nature of the molecule, for when the 


discrepancy is pa 
electron is drawn towards oxygen, the bare protons of the hydrogen repel one 
another and move away. 


(a) H,O based on o-bonding with separate p orbitals of oxygen 


Fig. VI.8 
(b) H:O based on sp? hybrid orbitals of oxygen 


An alternative viewpoint is that the 2s- and 2p-orbitals of oxygen atom undergo 
hybridisation to yield four equivalent sp*-orbitals prior to bond formation. Two 
of these four sp*-orbitals are occupied by a pair of electrons each and do not con- 
tribute towards bonding, these are non-bonding orbitals. The remaining two sp?- 
hybrid orbitals accommodate one electron apiece and their electronic charge 
clouds overlap with 1s charge clouds of two hydrogen atoms forming H,O mole- 
cule [Fig. VI.8(b)]. In such a case, the angle between H-atoms would be approx 
109.55. It is now believed that the real state is an intermediate one, for 105° angle 
f 1:4 proportion of s- and p-characters. 


is feasible from a mix o 

q-bonds. Besides sp?-hybridisation, orbitals of the carbon atom can undergo 
hybridisation in other ways. In ethylene type molecules and in aromatic mole- 
cules, the trigonal hybridisation or sp?-hybridisation is of utmost importance. 
A 2s-orbital of the carbon atom combines with 2px- and 2p ,-orbitals forming three 
identical trigonal hybrid orbitals inclined at 120" to each other in the same plane. 
This is sp?-hybridisation [Fig. VL.9(a)]. The unaffected pz-orbital remains 
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perpendicular to the plane of the triagonal hybrids. In ethylene, two such C-atoms 
come together and one hybrid orbital from 
each atoms overlaps to form a e-bond, C—C.. 
The other four hybrid orbitals of the two 
atoms are bonded with I s-orbitals of separate 
H-atoms ; these are also o-bonds. The 


Fic. VI.9, Bonding in ethylene 


remaining pz-orbitals of the two atoms now overlap sideways to give rise to a 
a-bond [ Fig. VI.9(5)]. 


A 7-bond may then be looked upon as one in which the overlapping charge clouds are 
arranged parallel to the internuclear axis, whereas in a-bond formation the cloud is symmetri- 
cally disposed. The formation of a 7-bond not only increases the stability but also prevents 
the free rotation of CH,-groups round the C-C axes. So the double bond between the 
C-atoms consists of a c-bond and a «-bond, the character of the two bonds being different. 


-hybridisation. 
Diagonal or sp-hybridisation occurs when a s-orbital and a p-orbital mix 
ch hybridisation is observed 
orbitals of the C-atom are transformed 
rbitals remain unused. When two such 
from each takes part to form the o-bond 


Fic. VI.10 Bonding in acetylene 
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VI.6. Resonance. Kekule's structure for benzene molecule may be represented as 


HO g-o- e 


Both the bond-diagrams I and II, having alternate double bonds are equally 
possible. Similarly possible are the three Dewar structures. 

In all these configurations, the valency requirements of the constituent atoms 
are satisfied. What then is the structure of benzene molecule? The true structure 
of the molecule is a blend of all the possible forms. It should be realised that this 
does not mean that some molecules have one structure and some another. The 
molecule will have a structure intermediate between all the possible configurations. 
Such a conception of multiplicity of structures is called resonance and the true 
molecule is a resonance hybrid of the different forms. It may be noted that resonance 
is not a phenomenon, since the resonating forms do not have any real existence 
and there is no chance or idea whatsoever of the molecule assuming different 
canonical structure at different instants of time. 

In different resonating forms of a molecule, only the electrons can have 
different arrangements but not the atoms. This is where it differs from isomerism. 
The number of unpaired electrons must also be the same in resonating structures. 


Fia. VI.11 The structure of benzene 
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sed pz-orbital vertical to the plane of hybrid ones. Thesé p;-orbitals now 
ete S CPUs to produce z-bonds. The 7-bonds may occur between C-atom 
nos. 1-2, 3-4, 5-6, or between nos 2-3, 4-5, and 6-1 (Fig. VL.11). The two possi- 
bilities correspond to the two Kekule structures. In the same way Dewer structures 
Iso be represented. 
"ate heat of formation of benzene has been computed as —1315 Kcals. 


6 C(e) + 6H(e) = C,Hé(g); AH = —1315 Keals, 
The energy in the Kekule structure is also computed from the bond energies, 


a zm 
-C = 3X 
DaS = 3x146 


1275 Kcals.- 


the bond-length. It has been found that the length of the bonds in be 
is intermediate between those of single and double bonds (C—C, 1. 
1.34 A), a fact which points to Tesonating structures. 


Structure involves the idea of completely delocalised bonds. The six po 

of the six carbon-atoms occupy molecular orbitals in benzene, 

formed by the L.C.A.O. Process (see p. 297). It will be. readily understood that 
the number of Such molecular 

orbitals formed by linear 


(page 


pair of electrons, The six 
Original pz-electrons are thus 
for. 


; Dd are op] 
Fic. VI.12 Delocalised z-MO's of benzene Occupied when y 


The resonance is not confined only to benzene 
of frequent occurrence in various types of molecule: 
posed to be a hybrid one from three possible Tesona 


> itis rather 
lecule is sup- 


1C:0; 
I II TII 
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CAL BONDING AD 


VI.7. Heteronuclear Bonding. Electronegativi 

of the H,-molecule has been dealt. In the mee de the oes pond 
two identical atoms or nuclei. The pair of electrons was equall inf coments 
the two nuclei, as such the distribution of electron density was RA sane ee 
alike around each nucleus. But when unlike atoms are bonded metrical and 
nuclear bonding, say in a gaseous hydrogen chloride molecule the = saa 
pair of electrons is under influence of unequal fields and the charge cl Saag 
symmetrical. In all heteronuclear bonding, their is asymmetry in the iN ibu Ea 
of electron density. Usually in common expression, we speak of iecoris ie 
shifted towards the more electronegative partner. The pictorial UOS 


would be 


Fic. VI.13 


The asymmetric distribution of charge cloud leads evidently to a polarity of the 
molecule, so that hydrogen chloride molecule is written as Hc 
bond in hydrogen chloride is endowed with some amount m The coment 
is thus different from the covalent bond of H,-molecule or Cl,-mol ede and 
heteronuclear nord Have Jonie property to some extent molecule. All 
In view of this a rigi emarcation between a covalent h 
bond is not possible. In one extreme are the homonuclear bonds RA anong 
where ionic character 1S negligible, while at the other extreme in olule caue 
NatCl-, the covalent character being practically non-existent. The GU aE ike 
ionic character 1n à heteronuclear bond depends on the nature of the atoms rud 
bilities of drawing the bond electrons towards their iius 


i.e., on their relative al 
pressed as electronegativity of the atom. 


This ability has been ex 
Electronegativity. It is a measure of how powerfully a bonded atom attracts 


the electrons in the bond. Flourine is the most electronegative and : ` 
S A C 
the least electronegative of elements. Pauling has énundatel a method pu E 


ciation of electronegativities of elemtents. It has been suggested, the en 
i er 
had it been purely covalent, is the zeoe NS 


the bond in A—B would have, 
f the atoms of the elements. Thus, the energy of the 


of the covalent bond energies o 
bond in H—I is the geometric mean of the bond-energies of H—H and of I—I ; 


Dg-i = VDng-g.Dr-1 
d energy is higher than the calculated i 
ter of the bond. We find, SR EDO valne, 


Dg-i = 71 Kcals (observed) 
Dy-1 = 61 Keals (calculated as above). 


But the observed bon' 
due to the ionic charac 


and 


Hence, the difference A = 10 Kcals — 0.4 e.v. energy is a measure of the 


ionic properties shown by the bond, due to difference in the ted 
of the bonded atoms. A is thus a measure of the difference of Ae 
1- 


ties of A and B, To be precise, 
Xp XAI VA 
where x4 and xg are the electronegativities of A and B respectively. This relation 


gives only a difference of electronegativities. In order to obtain the indivi 
electronegativity, 4 standard value has been set for hydrogen, such en ALT. 
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The electronegativity of iodine is then x; = 2.1 0:4 9:5. Following this prin- 
ciple, Pauling ascertained the electronegativities of other elements as in the Table 
below. 


THE ELECTRONEGATIVITY SCALE (H — 2.1) 


A direct method for calculating electronegativity x has been 
that, x—(I4-4)/5.6, where Land A are the ionisation potential and th 
Though arbitrary in nature, there is a concordance in the values 
Mulliken's methods, 


proposed by Mulliken, such 
e electron affinity of the atom, 
obtained by Pauling’s and by 


H F CI Br I 
x (Pauling) 2.1 4.0 3.1 3.0 2.5 
x (Mulliken) 25 3.8 3.0 2.8 24 


them. When the separation on the scale is 1.9, the bond is 50 
ing hydrogen is generally quite Strong as the hydrogen atom 
to other atoms. 

The bond between two highly electronegative atoms is covalent as in NO or CCI,. The bond 
linking two elements of low electronegativity is a metallic one as in Brass (Cu + zi Th pen 
type between a highly electronegative and a low electronegative element is ionic as in KCl. RA 
the greater the separation of two elements in the electronegativity scale, the str W o 
bond between them. The heat-evolution in the formation of t j Smear WUL beithe 


he bond is a E 
strength. Thus, we find, measure of the bond 
AH (Kcals) x 
B—X4 — VA 
H+F = HF 64 XE 
p uk A8 04 


VI.8. Dative Covalent Bond : Bonding in Complexes. We have 
covalent bond between two atoms each atom contributes one electron to form 
the pair of electrons involved in the bond. But there are instances 


i ; SA EU wher: 
provides both the electrons required. Such a bonding is called a dative S i Boan 


Seen that in a 


are usually fi Tn 
V, VI and VII of the Periodic Table. The acceptor must possess E Mag 
empty. Highly charged metallic ions are also found to act often as good acceptors 
such as Fe***, Co*** etc. Electron rich molecules or ions such as NH,, H.O. 
CN™, CI-, NO, etc. act as good donors. The formation of a dative covalent bond 
may be represented as 
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AM RIA B O ALB 


ap fat 
e.g. (n Cl:B + ON H —— CI-B-— N—H,  (BCI.NH;) 

cl H au 
E ve 

ORRE :B + :F: EBE ee Ea Bae 
F 
H H a 

(3) HN: + Ht — ES = (NH,)*, etc. — ; 
H H 


I—*h — — s- Psy 
OH, OH CN CN NH? 
x Ye 2 NE NH, \ VAS 
Cu CR Co 
a NH,/ | NN 
OH, OH: E CN CN 5 a 3 NH, fad 


E +++ 


[cm0]. [mew] . [emo] ete 


ing in Coordination Complexes : Stable complexes are obtained with 
ions MERGER elements, for, these ions are highly charged and thus produce 
strong electrostatic eld for attracting ligands. For the stability of the complex 
it is also necessary to have strong bonding between the ligands and the central ion. 
If the donor ligand is highly electronegative the resulting bond will be ionic 
and will dissociate in aqueous solution. Ligands which have low electronegativity 
will form dative covalency and the complex will not easily break in solution. The 
stability decreases in the following order 
CN-, NOx, NH;, H:O, F-, OH-, Cl- 


The ch ied by the complex is the algebraic summation of the +ve charge 
T un aree cauce TR and the —ve charges donated by the ligands. We have 
f ligands attached to the central ion is mostly six, and in 
ligand complexes are all octahedral. Let us first examine 
med. 
hedral complexes, hybridisation involving d orbitals 
proposed that it could be possible in two ways. 
2,55-hybridisation : TWO vacant d-orbitals of a shell along with one 
(a) d'sp-hybridiseton of the next outer shell of the central ion combine to 
produce six hybrid orbitals. These six hybrid orbitals overlap with suitable ligand 
orbitals to form o-bonds each of which accommodates a pair of electrons. Six 
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covalent bonds are thus formed between the central ion and the ligands. This 
type of hybridisation occurs with ligand of low electronegativity and have suffi- 
cient penetration. The complexes obtained in such cases are spin-paired" or 
“low spin", having very few uncoupled electrons. A common example is the com- 
plex [Cr(H,O),]*#** or [Co(NH,),]**+. Š ‘ ; 

The bare Cr*** ion has the outer electron configuration, with three 3d-orbitals 
half filled and two 3d-orbitals empty, as 


ve"«:00000 O  oóo 


3d 4s 4p 
es: 00000 © ; 999 
? sp? hybrids 


The two empty 3d-orbitals along with empty 4s and three 4p-orbitals produce 
six equivalent hybrids, occupied by six pairs of electron from the oxygen atoms 
of water molecules. The result is the complex, [Cr(H,0),]*7. 

Similarly, Co+++ ion has the outer electron configuration as 


€x en: O OOOO © QOO 


As in the case of Cr***, here also six hybrids are formed from two 3d, one 4s and 
three 4p orbitals. These hybrid orbitals overlapping suitable ligand orbitals 
form o-bonds, and accommodate six electron pairs, Producing the complex, 
[Co(NH3)]***. 


Ons Oma T NH, NH Et 


cp b mu NH,——Co«——NH, 
OH; OH, | L NH, NH, | 
There are cals. cases where the ligands force out 

make two of 3d-orbitals empty. The unpaired electrons th i 

similar electrons in other 3d-orbitals, as we find ( ER a Win 


Din D in Fe(CN), complexes. 2 
ture of ferric ion with five unpaired electrons in SUBIRE DL he struc 


3d 4s 4p 
re’ ion: (00000 00 Q OOO 


3d As 


"w: 00000 © 606 


Two of the 3d-electrons are paired off and only one unpaired el 
spin) is left and two 3d-orbitals become empty. Next the Um p 
occurs to produce six empty hybrid orbitals. The electrons from CN- ligands 
fill them up carrying with them six negative charges. T 


he result i 
as a whole would carry now three negative charges [Fe(CN),]---. ue cance 


(b) sp°d?-hybridisation : This type of hybridisation i$ fay, d i 
having high electronegativity. The unpaired electrons a pde 


: > re left undisturbed in 
such complex formation and these are called "spin free" or "high spin" complexes, 
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In these hybridisations, s, three p and two d-orbitals of the same shell are used 
hence sp3d?. [Al(H3O),]*** is an example of this type : i 


Is 2s 2p 3s 3p 3d 
xa: @ ® 00O ooo OO}OOO 


sp? d? hybrids 


Similarly, in (FeFg)- 
"B 4d 


J 3d áp 
«'«:00000 [O OOO „OO 


Experimental determination of the number of unpaired electrons in these com- 
pounds (which is the same as 1n the free ion) confirms the hybridisation proposed 
The four-ligand complexes geometrically have a planar or a tetrahedral 


configuration. The planar configurations result when dsp?-hybridisation occurs 
as with nickel complexes. 


As 


3d Am 
4 «:90000 O OOO 


3d 4s 4p 
vx : 0000P. GN ING GO 
sp? hybrids 


But when the 3d-orbitals are completely filled or completely empty, sp- : 
hybridisation occurs as in chromate or permanganate ions. This leads to tetra- 


hedral configuration, 
3s 3p 3d 4s ap 
Ma’*ion £ $9066 OOOOO [O0 999 
Ons o7 o fe) 
Ng e AS ZA 
Mn'* T opm 
m Ne [9] O 


d approach due to Pauli i 
We thus see that the valency bon VAST ERI EE NIIS 
explanation for the formation of complexes. It has the strongest support Nn ie 
study of magnetic properties of complexes. The number of unpaired electrons 
found from such studies confirm the theoretical predictions. But the weak point 
in Pauling’s description 18 | t 

Srana sp*d* hybridisation become necessary. Besides the artificial pres- 
SHPHOnE as to th A 
or the spectra 0 Lor. 1 
magnetic’ behaviour beyond, d iek be of unpaired electrons. An 

i on S en proposed to i 

alternative to the vaa ‘igand-Beld «oon: p DEP 


role in the omnii "E 

consideration. The ligan E 1 

pairs towards the positive central ion and electrostatic forces come into play 

The d-orbital electrons of the central atom then tend to orient themselves in a 
id the ligand electrons as far as possible. According to the 


fashion so as to avoid b à A 
theory, only the d-orbital electrons are to be considered, the question of hybridi- 
sation does not arise. 


(0 ERN 200p] 
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The d-orbitals take approximately the shape as shown in Fig. VI.14. When 
there are six ligands arranged octahedrally, two of the orbitals point towards 
the ligands, the other three takes positions in between them. The result is that the 
electrons of the two orbitals are repelled and those of the other three orbitals 


Fic. VI.14 


remain uninfluenced. It means that the negative field produced by the ligand 
electrons split up the five d-orbitals into two groups : the energy of the two repelled 
orbitals is increased while the energy of the other three orbitals is little affected 
The extent to which the two d-orbitals will be energised depends upon the ligands, 

» 


———— 
pemaen 
aS Sana 
Sera, 
PUNE TT CGU Pia cs esi MUR 
SE EO Jr ligand field 
weak Strong 
ligand field. ligand field 
Fic, VI.15 


or more precisely, upon the electronegativity of the li and. Wi 1 
negative donor ligand, the ligand-field is weak, the ERS Aer eiro: 
and the unpaired electrons in d-orbitals remain undisturbed. On the pee, ss 
with a strong ligand field, the splitting is much greater. In a high Ee RIS 
field, the unpaired electrons, in order to make themselves stable, pair off with 
similar ones. Diagrammatically this may be represented as in Fig, Vid 5 

Let us take the ferric ion (Fe***). With six water molecules as ligands as in 
[Fe(H,0),]***+, the field is weak, and in Consequence, the five d-orbital electrons 
remain distributed in all the five orbitals. But when the ligand is (CN)- as in 
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[Fe(CN) ]-- the strong field causes a large splitting ; the electrons of two orbitals 
are repelled to move away to other orbitals to form stable pairs. This is how ligand 
field theory explains the two types of ligand bonding in complexes. These are 
consistent with experimental observations in respect of spectroscopic and magnetic 
studies. The two theories are based on entirely different reasonings but the ulti- 
mate conclusions are the same. 

Chelate groups. There are instances where the ligands have more than one 
group projected to the central metal ion. This gives a particular stability to the 
molecules and internal ring structures are automatically developed. A common 
example is that ethylene diamine forming complex with Cu** ions, as 


++ 
CH;,—NH; NH,—CH, 
| cuf 2 
ALAS 
CH;,—NH; NH,—CH, £ 
Fic. VI.16 


Such groups are called chelates and the resulting products as chelate complexes. 
In alkaline medium, dimethyl glyoxime chelates with Ni** ions forming a precipi- 
tate, Fig. VL.17 which is particularly stabilised through hydrogen bonds (see next 


section). 


O-H-----0 
eer co 
74 
Meer ON. VA Some i 
Oe ae 
[3— — TER C. a 
Sa Nee mes 
z 0 
om V 
Fic. VI.17 Fic. VI.18 


Similarly EDTA [Ethylene diamine tetra acetic acid] forms chelates with 
various metal ions, rendering them into very stable complexes Fig. VL.18. 


VI.9. Hydrogen Bond. A hydrogen atom when bonded with a highly electronega- 
tive atom such as flourine, oxygen etc. acquires a positive charge. In consequence 
of this, such a hydrogen atom exerts an electrostatic attraction on other highly 

: i nitrogen or oxygen. There is thus a dipole- 


negative atom like fluorine, | x 
Bode P'ipole-ion attraction, which has been given the name, hydrogen bond. 


dipole or h 
This may be represented as, —— , 
X-H.. Y-A. 
ly electronegative atoms of fluorine, oxygen or nitrogen. 
where X and Y are strongly ive atom ee Oera a LE tal 


The broken line indicates the electrostati 


ine he oa a sort of polar link, is formed as the attraction between 
H and Y outweighs the repulsion between X and Y. But Y must be a small elec- 
tronegative atom such as of fluorine, oxygen or nitrogen. Hydrogen bonding 
with chlorine, sulphur or carbon is rarely observed because of the large size of 


the atoms. : ; À 
Such a bonding is significant only with hydrogen because of the minute size 
of the almost bare proton which enables Y to make a close approach to the positive 
charge. The bond cannot be regarded as a covalent one for (i) a hydrogen atom 
its 1s orbital ; use of 2s orbital would 


mentally measured bond energy for 


can accommodate only two electrons in its. 
involve much higher energy. (ii) The expert 
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hydrogen bond is much less than that of a covalent bond. It approximates to 
6 Kcals only, about 10% of that of a covalent link. 

(ii) The bond length of hydrogen bond computed from spectroscopic and 
diffraction measurements is found to be greater than that of a covalent bond 
except in [HF,]-. In a bond like —O—H...O— the hydrogen atom is not located 
at the middle of the two oxygen atoms. 

The outstanding effect of hydrogen bonding is observed in molecular associa- 
tion. Thus hydrogen fluoride even in gaseous state is highly associated as (HF)n, 
due to hydrogen bonding, as 


NIIT 
p Tess Hr pss 


Fic. VI.19 Hydrogen bonding in HF (Dotted lines are hydrogen bonds.) 


In aqueous solution too, flouride ion forms (HF; ion through a hydrogen bond, 
F-+HF — F-...H+—F > [HF;7] 

Liquid water shows many abnormal physical properties ; such as, high boiling 
pt. considering its mol. wt., high latent heat of vaporisation, surface tension, etc. 
These abnormalities are attributed to molecular association through hydrogen 
bonding. The effect of hydrogen bonding is manifested also in liquid ammonia and 
some liquid hydroxy compounds. Ice has 
a peculiar structure in which every water H H 
molecule is hydrogen-bonded tetrahed- 
rally to four others, as in Fig. VI.20. Such NS 2. 
an open structure shut in alot of space 
and when ice melts, there is shrinkage in 
volume with increase in density : 


Fic. VI.20 Structure of ice Fic. VI.20a OH holding three water 
molecules by hydrogen bonds 


Intermolecular association through hydrogen bonding is often f. i Y 
nic alcohols or carboxy acids. g ound in orga- 
O. 
VN: 
H 


[o 
ey 
H 


(Dimerisation) Salicylaldehyde 
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Even intramolecular hydrogen bonding is possible with some molecules as 
in nitrophenol or salicylaldehyde 

There is, besides those mentioned above, another type of bonding, commonly 
named "metallic bond.” A description of this type of bonding has already been 


narrated in Sec. III.13(d). 


VI.10. Bond-energies and Bond-lengths. We have already seen how bond energies 
can be obtained from thermochemical measurements [Chapter IV. Sec. 20]. The 
bond energies of simple diatomic molecules can also be computed from the poten- 
tial energy curves or from force constants spectroscopically measured. 

As to bond lengths, we have found in Sec III.14, how the atomic and ionic radii 
in crystals are obtained from X-ray diffraction in crystals. Electron diffraction, 
and now neutron diffraction too, enable us to find out the bond-lengths. Studies 
of the molecular spectra of simple molecules also provide us with momént of 
inertia from which bond distances can be calculated. These will be discussed in 
subsequent chapters. The bond-lengths of some common diatomic molecules and 
of a few interesting bonds are tabulated below. 


BOND LENGTH (in A) 
Molecule Bond-length Bond Bond-length 


1.42 C—C (ethane) 

1.99 C—C (graphite) 
2.28 C—C (benzene) 
2.67 (ethylene) 


1.21 (acetylene) 
0.74 ; 

1.27 

1.41 

1.61 


Suggestion for further reading 


(i) Electronic theory of valency : SPEAKMAN (Arnold 1955) 

(ii) The nature of chemical bond : Pauling (3rd Edn., Oxford) 

(iii) Valence : Courson (Oxford, 2nd Edn.) 

(iv) Modern aspects of inorganic chemistry, Chap 3 : EMELIUS & ANDERSON 
(y) Introduction to ligand field theory : BALLHAUSEN 


Problems 


1. Suggest structural formula for NHs, NOs", SFe, NO, CO. 

2. Indicate possible resonance structures for HNO,, H,;PO,, CH;COO-, N,O and benzene. 
3. Explain o- and n-bonding. Indicate such bondings in Na, C;H, and CHo. 

4. What is a hybrid bond? Show how hybrid bonds explain the structures of PFs, CO(NH3),**, 


CH;Cl. 
5 Explain what is meant by a hydrogen bond? Show how such a bond considerably influences 


the properties of water. 
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- CHAPTER VII 


PHYSICAL PROPERTIES AND MOLECULAR 
STRUCTURE 


In studying the structure of a molecule, the problem is to find out the size and 
shape of the molecule and the geometry of the arrangement of its constituent 
atoms. For this purpose we need to determine the lengths of the bonds or inter- 
atomic distances and the bond angles. We also need to ascertain the type of atomic 
and other motions as well as the distribution of electrons around the nuclei. A 
theoretical approach for such information even for a diatomic molecule would be 
too complicated. On the other hand, the chemical analysis and determination of 
mol. wt. would reveal the composition of the molecule, while a study of its chemical 
properties would enable us to ascertain the groups or sequence of atoms in the 
molecule. These will not help us in finding out the structure of the molecule. 
To obtain information as to the configuration of the molecule, it is necessary to 
fall back upon a study of its typical physical properties such as refractivity, absorp- 
tion or emission of radiations, electrical polarisation, etc. We have seen in connec- 
tion with crystals how the interatomic distances and arrangement of atoms in the 
lattices are obtained from an application of X-rays and electron diffraction studies. 
In this chapter we intend to discuss briefly the refined methods now-a-days em- 
- ployed to find out the molecular structure. Very often several methods are to be 
used jointly to have an idea of the structure ; any one method would lift the veil 


only a little. 


A. PARACHOR 


VIL.1. Parachor. Macleod’s equation (II.19), which is an empirical relation between 
the surface tension (y) and density (D) of a liquid, has been found to be valid for 
a considerable range of temperature, 
gt ve 
(5-4) c (constant) -.. (IL19) 
where d is the density of its vapour at the same temperature. 
Multiplying both sides by M, the mol. wt. of the substance, 


MA _ 
(Dd) = Mc =P (constant) .» . (VIL1) 
since both M and f a constants for a given substance. 
Tt is remarkabie that the constant P, called its “parachor”,is quiteindepend 
of temperature (Sugden, 1924). If the vapour density d, whi Ha ependent 
be neglected, then y ch is often quite small, 


P—-ypn-YVn mete (VLD) 


where V = molar volume of the substance. 

It is obvious that at temperatures where the surface tensions of t iqui 

A W 

are the same, their parachors would be proportional to their molar dt 
Further at a temperature where the surface tension of a liquid tends to unity, 
parachor becomes the molar volume. A knowledge of this property thus gives z 
an idea of molar volume, V. The cross-section of the molecule will evidently be 
proportional to P?. 

Jt was soon found that (7) parachors of many isomeric substances i 
A , hat ; were iden- 
tical and that (ii) the difference in parachor values of successive members i 
homologous series was found to be constant, irrespective of the nature of the 


Series. 
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TABLE : PARACHORS 


-Homologous series 


Isomers Hydrocarbons 


Amyl formate 


Ethyl butyrate 


Butyl acetate 
Propyl propionate 
Ortho xylene 
Meta xylene 

Para xylene 


It leads to the inescapable conclusion that parachors are additi ions 
of the chemical composition. The contribution of a CH,-group b the ae 
value is about 39. The molar parachor would be the sum of the atomic parachors 
On this assumption, the parachor value of hydrogen, Py, would be i 


PCnHeny, = "Pen, + 2PH = 39n + 2Py 


Substituting the experimental value of the parachor of th 

i i z e par. 

the atomic parachor i.e., parachor equivalent of a hydrogen durer dud 
be 17.1. So, the atomic parachor of a carbon atom is 


Po = Peu, — 2Pu = 39—2 x 1711 = 48 


In this way, the parachor-equivalents of different 
given in the table below. - nt atoms have been calculated as 
A comparison of the parachor values calculated from i 
i i i at - 
equivalents with those experimentally observed showed a dives n pce 
of unsaturated and ring compounds. It meant that the parachors are not onl 
additive but also constitutive. The parachor of ethylene C,H, was experimen tally 
found to be 99.5, while the calculated value of 2CH,-groups was 78, the A mem 
being 21.5. From a study of different olefinic compounds, the contribution ofa 
double pend towards paraehor has been taken as 23.2. The parachor value 
of a single bond has been taken as zero and those for other b y 
as given in the table. r bonds and rings are 


TABLE ; ATOMIC AND STRUCTURAL PARACHOR EQUIVALENTS 


Element P Element P | Structure 

[el = 4.8 | S — 48.2 ! Double bond —t' 9 

H — 17.1 CI — 543 Triple bond — 46.6 

N E PS Br — 68.0 | 6-membered ring — 61 

o = 20.0 I — 90.0 | S5-membered ring — 8.5 

P — 392 | O;inester — 60.0 4-membered ring — 11.6 
| Naphthalene ring — 12.2 


We can now illustrate the usefulness of parachor studies in the elucidation 
of molecular structure. 

Structure of Benzene : The observed parachor of benzene is 206.2. If Kekule 
formula be accepted, its parachor value may be calculated as 


6 C-atoms = 6x48 
6 H-atoms = 6xlT7.l 
1 six-membered = 6,1 
ring 
3 double bonds = 3x23.2 
Total P = 207.1 


The Kekule structure is thus supported. 
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the half of the field which was formerly bright would be completely dark now and 
the other formerly dark half would now be bright. In an intermediate position, 
the entire field of view will have uniform brightness (or darkness). The polarimeter 
is set at this position, i.e., this is the zero-position of the polarimeter and the 
reading is taken from the circular disc provided with an angular scales. 

The liquid or the solution whose optical activity is to be measured is then 
taken in a tube of fixed length (usually 10 cms or 20 cms) and placed in between the 
polariser and the analyser and co-axially with them. The liquid turns the plane 
of polarised beams and as such the field of view will be illuminated now non- 
uniformly, as seen through the telescope. The analyser is now rotated till the field 
becomes one of uniform illumination as before. The new Position is read from the 
scale. The difference of the two readings is the angle through which the polarised 
beam has been rotated by the liquid or the solution. Thus we can ascertain the 
optical activity of the substance ; the angle of rotation certainly depends on its 
nature. For a complete detail of the method, a practical text-book should be 
consulted. 

The magnitude of rotation depends upon several factors : (i) the density or 
concentration of the substance, (ii) the temperature, (iii) the wavelength of the 
light and (iv) the length of the substance through which the beam has to pass. 

The rotatory power of the substance is expressed in terms of specific rotation, 


[a K such that 
[ ] .d 
Tu 


where a is the observed rotation of polarised beam at t°C caused by /-decimeters 
of liquid (density, d). Ais the wavelength of light used. 
In the case of a solution of conc. ¢ expressed in gms per cc. 


U a 
biS 


The specific rotation is thus the rotation produced by a solution containing 
1 gm of the substance per c.c. when the length of the column through which the 
light passes is 10 cms. The specific rotation is a characteristic property of the 
optically active species. The molar rotation has been defined as 


[ea] io: Le} 
uc] - à. [e] EAE) 
Van’t Hoff and Le Bel independently pointed out the connection between the 
optical activity and the asymmetry present in the molecule of the substance (1874). 
Most of the optically active substances, are organic compounds whose molecules 
contain at least one carbon atom having its four valences satisfied with four different 
radicals or atoms. Such a carbon atom is called an asymmetric C-atom (marked 
with asterisk below). The simplest example is lactic acid, 
OH 
| 
CH,—C—COoOH (Lactic acid) 
| 
H 


Other examples may be cited, e g., 


o, HHOHH 
CH als Nee el apost 
e DX ae 
H/ NCH,OH H/ OHOH HoN dg H 
(Amyl alcohol) (Glucose) 


[ Such molecular asymmetry is also known in some inorganic compounds €ontaining nitrogen, 
sulphur, etc. A few organic compounds having no asymmetric C-atom have also been found 
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optically active due to asymmetric formation of the molecule itself in space, such as, in a spiral 


type of molecule.] 2 

According to Van't Hoff, the four valences of C-atom are directed towards 
the corners of a tetrahedron, carbon remaining at the centre. If all the four groups 
are different, it is possible to show with space models that there are two ways of 
arranging these groups so that one is the mirror image of the other and these 
cannot be superimposed. When one of these turns the light towards the right 
the other turns it to the left. Evidently the chemical and physical properties of the 
iwo forms are almost the same except that one is dextro-rotatory and the other 
laevo-rotatory. 1 an equimolecular mixture of the two forms is taken, the rotation 
of the two would counteract one another and no optical activity would be observed. 
Such a mixture is racemic form (dl) or the externally compensated form. Optically 
active compound synthesised in the laboratory are obtained in the racemic form. 
Organic chemists have however developed some methods for the resolution of the 
racemic mixture into dextro- and leavo-forms. If two asymmetric C-atoms be 
present in the molecule such that one atom causes a dextro-rotation and the other 
laevo, the optical activity will be reduced. Moreover, if the radicals or atoms 
attached to the two C-atoms be identical as in tartaric acid, the optical activity will 
be nil due to internal compensation of rotation. Such internally compensated 
form is called the meso-form. Thus, for tartaric acid we have four varieties : 


(i) dextro-, both C-atoms turn the light to the right. 

(ii) laevo-, both C-atoms turn the light to the left. 
(iii) meso-, one C-atom turns the light to the right and other to the left. 
(iv) racemic-, an equimolecular mixture of d- and /-forms. 


Each optically active site presents two possibilities—a left and a right handed 
form. Thus, glucose containing four asymmetric C-atoms will have 2 or 16 forms. 
The study of optical activity thus gives us an idea of the spatial configuration of 
some molecules. In fact such studies had been most helpful in confirming the 


structure of different sugar molecules. 
C. MAGNETIC ROTATION 


VIL3. All transparent substances when placed in a magnetic field are capable 
of rotating a plane polarised beam passing through it along the lines of force. 
of all transparent substances first observed by Faraday, 


This is a general property ent s i 
Tih often called Faraday effect. The direction of rotation of the polarised beam 
is dependent on the direction of lines of force. 

Experimental measurements, made chiefly by Verdet and others, have shown 


t the extent of rotation caused by a given liquid is directly proportional both 
in feld-strength (H) and the length (7) of the column of liquid through which 
tlie polarise d beam passes. Hence, the angle of rotation a is given by 

a = «lH ... (VIL4) 

lled Verdet constant, depends on the nature of the substance. Since 

Were. V 1— Land H = l, the Verdet constant is the rotation caused by one 
centimetre column of a liquid in a field of 1 gauss. The constant, though indepen- 
dent of temperature, varies with wave-length of the beam. Water is used as the 
standard material for comparing magnetic rotation due to different substances and 
is 0.01312’ min. of arc for sodium D-line. 


the Verdet constant for water 1S í 
The relative molar magnetic rotation (Rm) has been defined by the expression, 


[ Ru] = anke ... (VILS) 


where M, a and p are the mol. wt., rotation and density for the given substance 
and Mo, ap and py are the same quantities for water, the same apparatus and 


conditions being employed. Since My = 18 and p, = 1, 


[ e J = tex 
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The absolute molecular magnetic rotation (rm) is obtained by multiplying 
the above with the value for water 


Mxa 
18x p 


i.e., Im = x 0.01312 min. 

It was W. H. Perkin who first pointed out the connection between magnetic 
rotation and structure of organic molecules. Perkin used a strong electromagnet 
in the pole-pieces of which were holes carrying the polarimeter tube. Now-a-days 
usually coils are wound round the polarimeter tube and powerful current is passed 
to produce the necessary field. A study of the rotations of the members of different 
homologous series revealed that addition of every CH,-group causes an average 
increase of 1.023. The magnetic rotation can then be expressed as 


[ Rm] = 1.0232 1--S 


where n is the number of CH,-groups and S is a series constant which varies with 
the homologous series. The series constants for different homologous families are 


Homologous Series Series constant, S 
Paraffins 0.508 
Primary alcohols 0.699 
Ketones 0.375 

Fatty acids 0.393 
Esters 0.337 etc. 


The knowledge that a CH,-group contributes 1.023 towards molar magnetic 
rotation, enables us to evaluate the contribution for different atoms. Thus Tm for 
hydrogen is 0.254 ; for carbon 0.515 ; for chlorine, 1.734 etc. The property of 
magnetic rotation is not purely additive but also to some extent constitutive 
This is evident from the fact that geometrical isomers have different molar magnetic 
rotations, the fumaroid structures have higher values and that unsaturation leads 
to higher values for magnetic rotation, e.g., acetaldehyde Ry = 2.40, ethylene 
oxide, Ru = 1 

The study of magnetorotatory equivalents has been useful in the structural 
problems of terpenes and in some keto-enol tautomerism. 


D. MOLAR REFRACTION 


VII.4. In 1880, starting from Maxwell’s electromagnetic theory of light, L 
and Lorentz independently deduced a relation between density (d) and NER 
index (n) of a substance expressed in the form, 


n?—1 Sh unm R 
mq2'd ~ o (VIL6) 


R; is called the specific refraction of the substance and is ind 
ture. Moreover the specific refraction has also been found t 
both for the liquid and gaseous state of the substance. The value of Rs however 
changes with the wavelength of the light used to measure the index of refraction, n 

Multiplying both sides of this relation by the mol. wt. M of the substance, 
we obtain the molar refraction, Rm ; > 


ependent of tempera- 
o be almost the same 


n—1 M 
RM SEM SEU ier ae ET eee (WAU) 


Since the refractive index n, being a ratio of velocities, is a dimensionless 
quantity, the molar refraction Ry has units of volume and is usually expressed 
in c.cm per mole. The refractive index is often accurately determined with the help 
of a Pulfrich or immersion refractometer. 


a? 
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The molar refraction is partly additive and par ituti 

molar refractions of successive members of a ND HE Qu re] ne 
increase in the value of Rm for each addition of CH, group is found tebe: the 
same, i.e., the property is an additive one. The contribution of a CH, grow is 
4.618 with Na-D line. Subtracting the contribution of 6CH, groups (6x4 618) 
from the observed molar refraction of hexane, C;H,4, we obtain the contribution 
made by two H-atoms. The refraction equivalent of a H-atom was thus found t 
be 1.100. The atomic refraction equivalent of carbon is 4.618—2 x 1.100 = 2 418. 
The refraction equivalents of some atoms and structures are listed here. we 


REFRACTION EQUIVALENTS (Rp) 
Double-bond. (C=C) 1.733 


O (carbonyl) 
O (ether) 1 
O (hydroxyl) 1.522 
N (Primary amines) 2.322 
N (Secondary amines) 2.499 
N (Tertiary amines) — 2.840 


H 1.100 
[9 | 2418 
cl 5.967 
Br 8.865 

13.900 


I 
S (sulphides) 1791 


Triple bond (C=C) 2.398 


That additivity is permissible in computing molar refraction is confi 
from the agreement between observed and calculated results. Thus, rmed 


diallyl benzene | allyl alcohol 


acetic acid acetone | chloroform 


Cars Ha 
12.91 
E 


12.93 


16.07 | 21.42 28.78 


16.15 21.40 


| 28.77 


e of a double or a triple bond raises the molar refractivity showing 
he benzene ring however has very little influence on 


The present 
its constitutive character. T 


the molar refraction. 
There are instances where 


the observed molar refraction is much higher than 
Such exceptions Occur in molecules with conjugated DE 
open chains. To illustrate : The calculated and experi- 
agree quite well ; but in the case of its isomer, 


the calculated one. 


bonds partly or wholly in ope 
lar refractions of diallyl 


mental mo a 
isodiallyl, the calculated value 15 much less than that observed : 
Mra) 
obs.: cale. 
Diallyl, CH,-CH- CH. -CH,- CH= CHs, 28.77 28.78 
CH—CH- CH- CH;, 29.87 28.78 (A=1.09) 


CH;—CH= 
are also found in other systems with conjugated double 
bonds such as styrene, acetophenone etc. The conjugated double-bonds in the 
closed benzene ring has no effect, but those in naphthalene, anthracene etc. have 
marked effect. Such anomalous increase in molar refraction due to presence of 
conjugated double bond is called optical exaltation. 


Tsodiallyl 


Mixtures. If two substances of mol. wts. M, and M, are mixed, the molar 
refraction of the mixture [Rahs 1$ presented by 
l.c m1 Mx +M 
[ M 12 n2 dmiz .. » (VIL8) 
ol-fractions of the components present and 7m and d, 
d density of the mixture. It has however bee Ud 


where x, and xs are the m 
1 molar refractions i.e., 


are the refractive index and dens!" 
that [Rm]; is the sum of the individua 
[ Rm los = X [ Rm, h SE Xal Rm, |e 

m-l Mi i a! Ms 


= RT di aaa, 50000 89 
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This relation is most often employed in obtaining refractive indices of solid subs- 
tances, by dissolving them in solvents of known n and measuring the refractive 
index of the mixture. Application of molar refraction has been of considerable 
benefit in structural problems of some terpenes and camphors ; especially the 
exaltation indicated the presence of conjugated double bonds in them. 


E. MOLAR POLARISATION : DIPOLE MOMENTS 


VIL.S. Polar and Non-polar Molecules. Molecules „are composed of positively 
charged nuclei and negatively charged electrons distributed in space. The structural 
arrangement of these particles is different for different molecules. It will be easily 
conceived that the centre of gravity of the positive nuclei may or may not coincide 
with that of the negative electrons. When the centre of gravity of the positive 
charges in a molecule is exactly at the same point as that of the electrons, it is a 
non-polar molecule. Instances of non-polar molecule are found in H;, Cl;, Na, COs, 
CH,, C,H,, etc. On the other hand in many molecules, like those of HCl, CH,Cl, 
CHCl;, C;H;NO;, H,O, NH,, etc. the centres of gravity of the positive and the 
negative charges do not coincide ; such molecules are said to be polar molecules. 
Since the molecule as a whole is neutral, if we have a total charge +e at the 
centre of positive charges, the charge at the centre of negative charges would be —e, 
If / be the distance between the two centres of gravity in a polar molecule, it is 
said to have a permanent electric moment called the dipole moment (u), given by 


B-—exl - s. (VIL10) 
In a non-polar molecule the distance / — 0 so that the dipole moment is nil, 


VII.6. Electrical Polarisation. We shall first consider the non-polar molecules, 
When a non-polar molecule is placed in an electric field between two charged 
plates the latter will attract the positive nuclei towards the negative plate and the 
electrons towards the positive plate. In consequence the Positive and negative 
centres would no longer be coincident [see Fig. VII.3(a)]. There will be anelectrical 
distortion of the molecule to form an electrical dipole. Such distortion is called 
distortion polarisation or electrical polarisation. The distortion however disappears 
as soon as the field is withdrawn. It is thus an induced polarisation and the moment 
that the induced dipole would acquire during the application of the field is the 
induced moment, p. The induced moment is directly Proportional to the field 
strength X and is given by m = aX, 


where the constant of proportionality (a) is called the polarisability of the 


: j A molecule. 
That is, a is a measure of the moment induced by unit field. 


ua + 


e siete 
| e 


(b) 


Fic. VII.3 
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Clausius and Mosotti established, from the electroma i i 
xS E a netic theory, a 
between polarisability (a) and the dielectric constant (Dj ofa reditu UU 


the charged plates, in the form 
4 D—1 M 
ere (GLO) 


No Avogadro number, M. molecular weight and p, density of 

h beeen) s 2 > th 
[see appendix 4]. The right hand side of this relation is called the Oe Bene 
sation. In a non-polar molecule, the polarisation is all induced. Hence the in- 


duced molar polarisation (Pi) may be writen as 


4 D 
P= NE = 575-5 .. . (VIL13) 


Pi is the electrical distortion caused in 1 mole of the substance by a unit field 

Since N, and a are independent of temperature, Pi will also be independent of 
temperature. Again D is a dimensionless number and hence the polarisation will 
be expressed in units of volume. 

The dielectric constant (D) can be determined by finding out the capacitance 
of a parallel plate condenser with and without the substance as medium, for. 
D = C[C,, where C is the capacitance with the substance and Coin vacuo. The 
mol. wt. and density are easily determined. Hence the molar polarisation ina 
given field is easily measured. M 

But from experimental determinations it was soon found that the molar 
polarisation of many substances like CO, CH,, Na, etc. remained constant and 
did not vary with temperature, whereas in other cases such as those of HCl, CH,Cl 
C,H;NO,, etc. the molar polarisation was temperature-dependent. This anomaly 
and difference of behaviour led Debye (1912) to classify the molecules to form into 
two groups having coincident and non-coincident centres of positive and negative 
charges as explained in sec .5. We shall now examine the effect of the field on 
polar molecules in which the centres of gravity do not coincide and there is a 

(u) of the molecule. 


permanent dipole moment 
VII.7. Permanent Dipole Moment. Each of the polar molecules has a positive and a 
ence of an electric field, the molecules would be 


negative end. Normally in the abs 
randomly oriented in all directions due to thermal effect. But when such molecules 


are placed in an electric field between two charged plates, there will arise two 
distinct effects. Firstly, the usual distortion of the positive and negative charges 
would occur giving rise to induced polarisation. Secondly, the field would tend to 
orient all the molecules (since they are polar) in the direction of the field. Had the 
molecules been stationary these would be oriented at 180° to the direction of the 
field, the positive ends pointing towards the negative plate. But owing to thermal 
agitation which opposes such orientation the molecules would occupy some mean 

field and their original positions, as in 


position between the direction of the 
Fig. VIL3 (5). This effect of the field on the molecules is called the orientation 


polarisation, Po. 
The molar polarisation, which is measured from dielectric constant, 
[55 . M ] is the sum of the two effects, induced and orientation polarisations. 
P 
That is, the total molar polarisation, 


Pi = Pi+Po 
and Pt D 
D—1 M 4 
; D-1 M _ pip, = $ Nu Po 2i. (VILIA) 
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The molar orientation polarisation (Po) of a substance having a dipole moment (p) 

was shown by Debye to be expressed as (see appendix 5.) 
4 p 

DE 5 ™ (4) . . . (VIL15) 

This shows that (a) in a non-polar molecule (y. = 0) there is no orientation 

polarisation and (5) that orientation polarisation is inversely proportional to 

temperature. We now have, 
4 4 m 
Bem pose o NOS + 3 7No (4) 2s (VILI6) 


Because the first term on the right-hand side is a constant and i. is also constant 
for a given substance, the relation may be expressed as 


DEN M b 


Di ae DD Seip Seius Se, fee OAL) 
where a = $aNoo, and b = EAD pè 4 


Fig. VII.4 


which shows the total molar polarisation will vary linearly with 1/T. That this 
is true is amply proved from experiments, as indicated in Fig. VIL4 in which 
Pi vs 1/T are plotted for several substances. The plots in cases of C,H, and CCI 
are found to be parallel to 1/T axis indicating their temperature independence and 
hence non-polar character. The graphs of CH,Cl and HCI show that P; varies 
linearly with 1/T. The slopes of these lines give the value of b of equation VIL.17 
and hence the dipole moment (p) is known. 3 


VII.8. Determination of Dipole Moment. There are a number of methods for ascer- 
taining the dipole moment. We shall discuss the principle involved in a few of 
these. , 

(i) Temperature Method. From a direct measurement of the dielectric c 
the total polarisation (P+) of a substance is obtained, M and 
determined. We have seen in the previous section, 


x onstant, 
P being separately 


b 
Pi =a+ T 
If total polarisation P, and P, be determined at two temperatures T, and T;, then 


be 8-9 (zx) 
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The value of the dipole moment p is easily calculated from that of 5, for, 


_ 47No z 
Spey ate 
Or p= vam = 0.0128 x 10-15. 4/b esu 
AN; | > ; : .. (VILIS) 


putting the standard values of No, k and z. 


[Dipole moment are often expressed in terms of “Debye” units, when 
1 Debye unit = 10-7 esu of moment.] 


(ii) Ebert's Method. Polar molecules in gaseous state, if subjected to an 


electric field, will suffer both orientation as well as distortion polarisation. But 
if the same substance in solid state be subjected to the field, orientation of mole- 
cules is not possible and only distortion polarisation will occur. As such we have 


for total molar polarisation, 
Bgas PO Poss Psoia = Pe 


Hence the orientation polarisation, Py) = Pgas—Psotia 


4nN E 
or eu (fal = Pgas — Psolid 
9kT 
or pu Ves, (Pgas —Psoua) 


Since the quantities on right-hand side are known, the value of p is obtained. 


uced polarisation, P; is due to the distor- 


(iii) Refractivity Method. The ind j 
]f we consider these two distortions separa- 


tion of the nuclei and of the electrons. 
tely, we may say 

Pi = Pa +P. € 
called atom polarisation, represents that due to distortion of the nuclei 


where Pa, Eia A A X 
polarisation, is due to distortion of the electrons. Hence 


and P, called the electron 
the total polarisation, Pt, is 
Pe = PatP.+Po 


at for the same electromagnetic wave, the refractive 


Maxwell showed th _ sam c 
o its dielectric constant (D) by the expression, 


index (7) of a medium is related t 


D = n?. Hence the total polarisation D ; x seems replaceable by the molar 


ac T . * 
refraction E (see eqn. VIL.7). But this is not strictly so. The refractive 
n" P 

red with visible radiations of higher frequency (say D-line of sodium) 
whereas the dielectric constant is measured with long waves. The refractive 
index (n) changes somewhat with, wavelength. The correction for refractive index 
for lower frequency is obtained with the empirical Cauchy formula 


index is measu. 


a 
n= Na +p 


where n = refractive index at wavelength A and m, at very high wave-lengths ; 
«v is a constant whose value may be ascertained from two measurements of n 


at known frequencies in the visible region. We shall therefore replace D by nz. 
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More important is the fact that in refraction only the electrons are 
affected by the radiation. Even when corrected for long waves, the refractive 
index gives the effect of the long-waves on the electrons only. The nuclei remain 
unaffected. As such, the molar polarisation expressed by 


ni—l M 
ng+2° p 


gives only the electron polarisation (P,) and not the total molar polarisation, 


ní—1 M 
Or € 7 ne 78 
J IDE EVER ni—l M | 4zN, , 
mU mo c En os ih Sep 2. (VIL19) 


This indeed gives us a method for determination of atom polarisation Pa. 
p may be obtained by any of the methods described previously and then if D 
and nà be separately measured, their substitution will enable us to evaluate Pa. 

lt has been found that for relatively large organic molecules, the atomic 
polarisation Pg is quite small compared to the electronic polarisation, P,. The 
former is approximately 5% of the latter. On this assumption, we may write 
eqn. (VII.19) as 7 


DIM 
DX 1.05 nae 


ni—l M Az N, 
+ oer .. . (VIL20) 


In such cases, measurement of dielectric constant and of refractive index would 
give the value of the dipole moment. 


(iv) Solutions. The orientation polarisation (Po), from which the value of 
dipole moment (n) is obtained, is evaluated from measurements of dielectric con- 
stant in the gaseous state. For substances, which are not easily obtained in gase- 
ous state, solutions in non-polar solvents are used, The total molar polarisation 
of a solution (P;;) in a non-polar solvent like C,H, CCI,, etc. follows the additivity 
rule and may be expressed as 


— D-1 (xıMı+x:M;) 
D+2 p 


where xı, and x, are the mol-fractions of solvent and Solute. Suffix 1 is used for 
solvent and suffix 2 for solute. Then, 


Pj 


Py, = xP, + XPa 


DES %1My+xX2My _ D—1 M, x, d D,—1 M, 
or DFZ P D, +2 m 1 Di42 * Pa -Xo 


P, and P, are molar polarisation of solvent and solute ; p, density of mixture. 


The value of P, is first separately determined from dielectric-constant measure- 
ment of pure solvent. Subsequently, from the determination of dielectric constant 
of the solution at known values of x, and x;, the value of P, can be obtained. 
In this way P, is measured at different temperatures and the Same is plotted 
against 1/T, from the slope of which, as usual, the dipole moment p is evaluated. 
Some corrections are however necessary sometimes to eliminate the solvent. effects, 


if any. 
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TABLE : DIPOLE MOMENTS OF SOME SUBSTANCES (DEBYE UNITS) 


Substance Dipole Substance Dipole 
moment moment 


CHa C;H,, C;H,, C;H; 

CCl,, CBr,, C;H, — 0.0 
naphthalene, diphenyl, 

cyclo-hexane 


Bry, I; COs, 


Hs, Os Na, Cl; 
} =o 
CSa, SnCla, Sola 


HCl CH,Cl 

HBr CH,Br 

HI E CHI 

H,0 alkyl chlorides 


HO, methy] alcohol 
NH; methyl amine 
NH, acetic acid 

N:O chlorobenzene 
HS p-dichloro benzene 
HCN m-dichlorobenzene 


o-dichlorobenzene 
nitrobenzene 
p-nitrochlorobenzene 
m-nitrochlorobenzene 
o-nitrochlorobenzene 
aniline 


SO: 


PH; 
PCl; 


Example: At 20°C, for water, 
The molar polarisation 74.2 c.c. 


The index of refraction = 1,333 
and the density = 0.998 gm/c.c. 
Calculate the dipole moment of water (neglect atom polarisation). 
1.333![—1 18 


The molar refractivity RM = 13335127 0:998 = 
P, = Pa + Pi + Po 


Now 
Since Pa = 0, Pe = Rm, we have 
42 No 
P, = Ru + pp" 
4xmXx6x 10% 
Hap 742 = 31+ gal 6x 108)x293 ^ 
whence p= 1.8x10-8 esu = 1.8 d. 
Example : The molar polarisation P of cis-dichloro-ethylene (M = 97) at 302°K is 93.13 c.c. 


and at 403.8^K is 74.35 c.c. Calculate its dipole moment. 
Also determine its refractive index if its density be 1.28 gms/c.c. at 302°K, assuming atomic 


polarisation is 5% of distortion polarisation. [ cf. J. Am. chem. Soc. 63,661, 1941.] 


Let Pp be the distortion polarisation, Pp = Pa + P. 
At 302°K, P, = Pp+B/T, = 93.13 


At 403.8°K P, = Pp BITy = 74.35 
18.78 


(93.13—74.35) _ = 
Hence B a 1 0.00332 —0.00248 te 
(502-4058 ) 
; u= 0.0128. B = 0.0128 V/22357 = 1.91 debye. 
3 p, = 0.95 PD 
n pp = 9313—B[T, = 93.13—22357 x 0.00332 = 18.90 
Tenet P= 0.95 X18.90 = 17.955 c.c. 
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n*—1 M 
We know a P, = 17.955 

n?—1 1.28 
or a2 17.955 x a 0.2366 
whence n = 1,385 


VII.9. Polarisation and Molecular Radius. The induced polarisation (Pj) may be used to find 
out molecular radius. Inserting the known values of Avogadro number and z, we have 


P, = $aNoa = 2.54 x 10%a < (VIE2I) 
Since the refractive index is close to unity for a gas or vapour, we may write 
Do-1 M _ Dol M _ Diil ; 
D,42' P 3 P 5 
Substituting in eqn (VII.21), 
a = 2.94x 10-1 (D,—1) 


Again if a conducting sphere of radius r be placed in an electric field of intensity Y, the induced 
electric moment would be 


Pi 


X 22.4 x 10? c.c., at N.T.P. 


H = PX 

Since H; = aX, hence a = r’, 

m r? = 294x10-?! (D,—1) 

It is thus easy to obtain the radius of a spherical molecule from polarisability or dielectric 
constant. The result will however be approximate in view of the liberal assumptions made. Thus 
for hydrogen, the radius from dielectric constant relation is 0.92 A, while from viscosity measure- 
ments it is 1.09 A. 


Example ; Estimate the size of a helium atom if its polarisability is 0.4 x 10-24 Col 
Since « — r?, were r is the atomic radius. we have 


r = (04x10-295 = 0,74x10-* cm = 074 Å 


VIL10. Dipole Moment and Structure of Molecules. The determination of dipole 
moment and its interpretation led to surprisingly important informations about 
configuration of molecules. Indeed dipole moment has proved a valuable weapon 
in our attack of structural problems of molecules. We may cite some simple 


illustrations. 
DRO O 


© (9) 


Fic. VII.S 


Carbon dioxide has been found to be non-polar, p, = 0. With carbon atom 
in the middle, this triatomic molecule may either have the triangular structure (I) 
or the linear structure (II) as in Fig. VILS. Since the electrons are drawn towards 
oxygen atoms, the triangular structure would always make the resultant molecule 
polar, whereas in the linear structure, the electric moment on one side of the 
carbon atom is counterbalanced by the moment on the opposite, so that the mole- 
cule would be non-polar. Hence, carbon dioxide molecule has a linear structure. 

On the other hand, the water molecule hasanappreciably large dipole moment, 
which rules out the possibility of its having a symmetrical linear structure. The 
molecule has a triangular structure, the two OH bonds, meeting at an angle. The 
electric moment created in one O-H bond does not neutralise that produced by 
the other. 
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The nonpolar character of molecules like Ha, Cla, N, etc. point to the fact 
that the bonding electrons are symmetrically placed between the two atoms. In 
fact, in all non-polar molecules there should be a complete symmetrical distribu- 
tion of the positive and negative charges. The molecule must have an electrical 
centre of symmetry. 

Thus, we find benzene as a non-polar molecule, which confirms the Kekule 
structure and that it has a planar configuration with its six hydrogen atom in the 
same plane. If a part of the hexagon or if the hydrogen atoms were not in the 
same plane, it is easy to see that the molecule would have been polar. 

Similarly, boron trichloride is non-polar which suggests that it has a planar 
configuration with three chlorine atoms at the corners of an equilateral triangle 
and boron at the intersection of medians. But PCl, or NH; molecules have dipole 
moments. In these molecules, the three halogen or hydrogen atoms are in one 
plane symmetrically placed in relation to the nitrogen (or phosphorus) atom 
placed at the apex of a regular pyramid. 

Chemical bonding between two atoms is necessarily associated with an elec- 
trical moment arising out of the difference in electronegativity of the two atoms. 
This means that every bond carries with it an electrical moment called the 
“bond moment". The dipole moment of a molecule is really the vectorial sum of 
the individual bond moments present in it. To compute the dipole moment then 
it is necessary to find out the values of various bond moments, such as C-H, 
O-H, C-Cl etc. No direct method is known to obtain the magnitude of a bond 
moment. Though not based on a very satisfactory method, the bond moment 
of a C-H bond has been taken as 0.4d. On this basis analysing the dipole moments 
of a large number of compounds, Eucken and Meyer prepared a table of moments 


for different bonds, such as, 


H—C C—cI C—O C=0 H-O H—N 
0.4 1.5 0.7 23 1.6 1.3 


The bond is directed towards the more electronegative of the two atoms linked. 
All saturated hydrocarbons, CH4, C;H,, CsHs etc. are found to be non-polar. 

Let us consider the simplest molecule, methane. Its non-polar character 1s easily 

understood from its symmetrical tetrahedral structure with the C-atom at the 

centre and the four identical valences making an angle of 109°28’ with each other. 

The centre of symmetry is at the nucleus of the C-atom. The absence of dipole 

moment in the methane molecule implies that any one 

C-H bond moment exactly counterbalances the net H 

moment contributed (vectorially) by the remaining “i 

three C-H bonds i.e., the methyl group as a whole. 

The CH,-group has a regular pyramidal configuration 

with C-atom at its apex and three hydrogen at eE ies 

base (fig. VII.6). The resultant moment of the three Ip ZU 

C-H bonds will be directed along a line from the 10-5^ > AS a 

centre of the base towards the apex and opposite to H 

the fourth C-H bond moment direction. Using symbol 

m for bond moments, the resultant moment of the Fic. VII.G 

CH,-group is given by 

MCH, = 3.mcnu 


H 


Cos (180°—109°28’) = 3.mcuX$ = m 
That is, the moment of CH;-group is the same as that of the C-H bond, i.e., 0.4d. 
It is obvious that for identical reasons the moment of C,H; or other alkyl group 
will also be equal to C-H bond moment. 1 

Not only alkyl groups, other groups or radicals such as NH;, NO», OH, etc. 
have definite moments, called group moments. These group moments would 
naturally depend upon the nature of linkages present in those groups. When 
one or more of such radicals are present in a molecule, these contribute towards 

i moment of the same. "1 

Re opu to the conclusion that if a hydrogen atom in different saturated hydro- 
carbons be replaced by OH to produce homologous alcohols, all of the latter 
should have the same dipole moment. Similarly all alkyl amines, or alkyl chlorides, 


97 
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would be expecled to have identical dipole moment. This is borne out from 
experimental observations as shown in the table below. 


TABLE : DIPOLE MOMENTS (d) 


alkyl group alcohols amines chlorides nitriles 


ethyl 1.70 1,3 2.04 3.57 
propyl 1.66 l. 2.04 3:51 
Butyl 1.65 1.3 2.04 3.57 


The magnitude of the group moments varies slightly in aromatic compounds 
from those in aliphatic ones. In 1929 Williams computed the following group 
moments for aromatic compounds : 


NO, CHO OH cl Br COOH CH; NH; H 
—3.9 —2.8 —1.7 —1.5 —1.5 —0:9 +0.4 +1.5 0.0 
[—minus sign indicates the moment directed away from the aromatic ring] 
o The measured dipole moment of water is 
1.84 d and it results from two identical OH 
x bonds each of moment 1.6 d. The resultant as 
$9 à Shown in Fig. VII.7 works out to an angle of 
H H 105? between the two bonds. This illustrates the 


application of bond moments and also shows 
how the dipole moment enables us to deter- 
mine the bond angles and hence the structure. 

Let us take another example. The structure 
of methyl alcohol is shown in Fig. VIL8, in 
which the known valence angles have been 
adopted. The bond moments are mo, = 1.6, 
mc-o = 0.7, mcys = mcg — 0.4, The resultant 
dipole moment comes out to be 1.56 d while the 
observed value is 1.65 d, thus conforming to 
Fic, VII.7 the structure used in calculation. 


Ha 
Fig. VII.8(a) Fic. VII.8(b) 


Benzene, which is non-polar, acquires dipole-moment when one of its hydro- 
gen is substituted. Thus, we have, 
OR NO; NH, CH, 


a 
dh es (y (Y i 3 dj 
VERE peer. mie MEO se 
Fic. V1.9 


p> 
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That the vector sums of individual bond or group moments lead to the dipole 
moment is amply illustrated from a comparison of the calculated and measured 
dipole moments of many di-substituted benzene derivatives. If m, and m, be the 
bond moments and a be the angle between their directions for two substituents 
of benzene, tb.n : 

p = [m? +m} + 2mm,cos a]* 


It is easily seen that a = 60° for ortho, 120° for meta and 180° for para derivatives. 
The values for some of these compounds are tabulated here. 


TABLE : DIPOLE MOMENTS OF C,H,X,X; COMPOUNDS 


meta 


Heale Hobs peale Hobs Heale 


The concordance of the experimental values with the calculated ones is ines- 
capable. In disubstituted ortho compounds, some deviation is often noticed 
specially when the substituents have strong bond moments. This is due to the 
inductive and mesomeric effect of the two groups in close proximity. 

In the special case when x, = xs, i.e., two substituents are identical, we have 
for ortho, » = 3m, ; meta » = m, para p, = 0. This is confirmed from the- 
observations that m-dinitro benzene and nitrobenzene have same p-values and that 
p-dinitro, p-dimethyl benzenes have all » = 0. 

Further the observation that p-dihydroxybenzene, p-C,H,(OH),, has a dipole 
moment of 1.64 shows that the two O-H links are not in the plane of the ring but 
inclined to the plane, so that a net moment has resulted. 


Ionic Character of Bonding : Consider a simple heteronuclear diatomic molecule like HCl. 
How the bonding electrons are located and shared between the two atoms can be somewhat 
assessed from calculations of dipole moment. For HCl, the dipole moment has been found to be 
1.04 d and the bond-length, from infra-red spectra, to be 1.275 A. If we consider the molecule 
to be composed of two separate ions, hydrogen having been fully deprived of the electrons as 
CI- —H*, then the dipole moment would be 


p = (4.8 x 1077) x (1.275 x 10-5) e.s.u. = 6.1 debye. 


But the measured value is only 1.04 d. If the bonding electrons were symmetrically located between 
the two nuclei, the dipole moment would have been zero. The ionic character is then expressed as 
A^ ic = "eb j 210. i o 
Zoni Heale % 6.1 msaa 
Besides these, the knowledge of dipole moments is quite helpful in the interpretation of 
behaviour of solutions and gases often different from their ideal states, in the explanation of solu- 
bilities and the influence of solvents on reaction rates etc. 


F. MOLECULAR SPECTRA 


VII.11. Molecular Spectra. Atomic spectra, we have seen, consist of sharp lines 
which are grouped into series. The frequency of the lines is determined from the 
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difference in energy between two electronic states of the atom, v = AE/h. The 

spectra produced even by simple diatomic molecules are much more complicated. 

In the early days of investigation, molecular absorption spectra were found as 

broad continuous bands. Hence molecular spectra were often mentioned as 

“Band spectra" in distinction from line-spectra of the atoms. But later on, with 

spectroscopes of high resolving power, the bands were found to consist of innu- 

merable closely-packed lines. The number of lines found even in a diatomic mole- 
cule spectra is extraordinarily large. These lines could be classified into groups or . 

closely related series called “Bands”, the lines in each band becoming closer and 

closer until these merge into an 

RADIATION AIA) v/Sec. E(e.v.) edge called ‘band-head’. Again, 

a large number of bands are 

10 j found clustered together form- 

ing a band-group. These bands 

are found in three distinct regi- 

ons of the electromagnetic 

. spectrum, namely (i) the micro- 

30 wave or far infra-red, (ii) the 

HARD near infra-red and (iii) the 

visible-ultraviolet regions. Be- 

SOFT 3 cause of the complication 

[— 3x10 involved, it is the spectra of the 

à "dos : diatomic and some triatomic 

VS 2 A molecules which have so far 

3. 104 been completely studied. For 

polyatomic . molecules, only 

10!3 partial information could so 

INFRA RED far be secured. A careful study 

~ 3x 108 of these lines lead to most 

" useful knowledge regarding 

10 molecular structure and the 

results are often empirically em- 

us plóyed for analysis and identi- 

m-— 10? fication. The spectra of molecu- 

les have yielded information in 

respect of shape and size of 

3 molecules, the bond-distances, 

10 the strength of bonds and disso- 

RADIOWAVES 3% 10!2 ciation energy. The determina- 

tion of vibration frequencies 

105 4:14 x 10-10. from the spectra enables us to 

evaluate the thermodynamic 

3x 104 properties of the molecule. 

In atomic spectra only the 

= 103 414x10- difference in energy of electronic 

states was involved. But for 

molecules, we are to consider 

Troc Vue three types of energy. In addi- 

tion to the electronic energy, molecules also have energy due to vibration and rota- 

tion.* Each one of these energies is quantised and can exist with some discrete values. 

Whenever there is a change in quantum level in any one or more of these types of 


0:03 414» 105 


MICROWAVES — 3» 108 4:14 « 10—5 


3x 10!0 


*In spectroscopy the translational energy is ignored. The possible quantum levels of this 
energy for a molecule (mass m) in a cube of say / cms side are given by wave-equation as 
hd 
EL m 8p (es +n? ) 
where Mx, ny, n, are quantum numbers associated with the momentum of the particle along the 
three axes. Since h*/m is of the order of 10-*°, the separation of translational levels is too small and 


the process is regarded as continuous, No separate lines can be found in practice, 
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energy, there would be absorption or emission of energy. There may be a change 
only in rotational levels ; there may also be a change in vibrational levels on which 
a rotational change may be superimposed ; or an electronic state may change 
simultaneously with changes in both vibrational. and rotational energies. In 
consequence, even with a simple molecule there is a possibility of a large number 
of changes in energy states resulting in many spectral lines. 

Schemetically, we may visualise the energy states as in the Fig. VIi.11. A and 
B are the two electronic states of a molecule. In each of the electronic states, there 
are vibrational levels indicated by v (—0, 1, 2, 3,...). Again for each vibrational 
state, there exist several rotational levels indicated by j (—0, 1, 2, 3, ...). A 
possible transition in any one of these levels will lead to a change in energy content 
and hence give rise to spectral lines. z 


——- 


TTL. 


In 
TUN 


A 


Fie. VIL11 
A change in rotational quantum level involves a small energy change of the 
order of 0.005 e.v. Hence, the frequency v of the corresponding line in the spectrum 
iven b; 
would be given Sy hy = 0.005x 1.6x 10-13 ergs. 


j exh. _ 3x10? x 66x 10- 
A = ej" = 9905x1.6x10- 0.005 x 1.6x 10-13 


or 
= 2500,00 A = 250y. 
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In other words, the spectral lines appearing in the microwave region are due 
to pure rotational change. That is, the far infra-red spectrum is the rotational 
spectrum. E I ] 
In a vibrational quantum level change, the approximate energy-difference per 
quantum level is of the order of 0.1 e.v, i.e., 
= exh 
0.11.6 x 10? 


The vibrational spectra would therefore appear in the near infra-red region. 
During a vibrational change, the rotational energy also changes and the energy | 
emitted or absorbed is the sum of the two energy changes. That is why the near 
infra red spectrum is called the vibration-rotation spectrum. 

A change in electronic state is associated with a larger difference in energy 
of the order of 5 e.v. per molecule. The frequency v of the lines' produced from 
electronic transition (on which vibrational and rotational transitions are superim- | 
posed) is given by 


hv = 5x1.6x10-2 | 


= 125000 A = 12.5 p 


à i yke 3x 1019 x: 6.6 x 10-27 o I 
ie., A= SKLO E S x10 = 2500A = 0.25p. | 


Hence, the spectrum in the visible and ultraviolet region is the electronic spectrum. 
We shall now consider the three spectra separately and confine our interest 
to diatomic molecules generally. Usually the rotational and vibrational spectra 


are studied in absorption spectroscopy. In the electronic spectra both emission 
and absorption methods are employed. 


VII.12. Rotational Spec 


on: tra. In considering the rotation, the diatomic molecule is 
regarded as a rigid rotat 


or. The two atoms are at a distance r (Fig. VII.12). 


Fig. VII.12 


If r, and r, be the distances of the two atoms from the 
system, then the moment of inertia (J) is given by 


I= mr} + mr? 


centre of gravity of the 


mz m. | 
We know, mj = mgr hence r, = T, n= lo, 
WES . mm? 77^ mm, 
etc mms s s 
Stitutin I= ——-p o yr 
Sub i mm, ^" 


mm 


where the reduced mass p = A The kinetic energy of rotation is ` 


2 
Erot = $m? = 3 mr? ( z) = tlw? 
where angular velocity w = v/r. 
Since the molecule is rigid, the potential energy 
levels of rotation are obtained by solving the Schród 


2 
va Emp, = 0 


v=0. The quantised energy 
inger equation, 
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The appropriate and acceptable solutions of this equation show that 

a! 

= h? H 
E= gyap 0) <.. (VIL22) 
where j is the rotational quantum number having integral values 0, 1, 2, 3 

, , r} ON 


For a given species of ona ich i 
gi pecies of molecules, ge? a constant which is substituted by B, 


called the rotational constant. So, 


E = Bhj(41) 
à; ees 2 
The difference in energy between two rotational levels j and j’ Moe 
AE = Bhj(j4-1) — Bhj’G'+1) . . . (VIE24) 


There are however two restrictions in such rotational transiti 
2 2 ans 
I. As predicted from electrodynamic considerations theabsorpion termine 
of radiation in rotational levels would occur only if a change in di remission 
of the molecule is associated with it. That is, the molecule x ipole momens 
e produce rotation ent Homopolar molecules like H, NS o in d 
ave no rotational band. This restriction al i prea Det a Pies 
level Em also applies to vibrational quantum 
JI. The transition in rotational energy is limited j ; 
Aj = x1. Since j—j' = 1, equation (VII.24) takes the form ca ien n 


ANE = Bhj(j+1) — Bh(j-1)j = 2Bhj 2... (VIL25) 


tum level j = 1, 2, 3, .. .;j i 
RUE S ERO d» i 4 PUR. be zero. For in that case j' 


., the frequencies of the lines in the rotational band are 


where higher quan 
becomes negative. 


Putting j = 12, 3 -- 


0 2B 4B 6B 8B 

X»o = 2B uv. 

vsi = 4B 

ys,2 = 6B 

Y4»3 = 8B, etc. E 

5E 4 
Oot ing “Enos AE ME aus 
Pad x Fic. VII.13 
The spectral lines are thus equispaced, the spacings Av — 2B. The difference i 
- in 


aS 


wave numbers AY =A =5 
The equidistant lines have been experimentall i 
H E y confirmed (Fig. VII. 
the magnitude of B ascertained. Thus, for hydrogen chloride. eee E 
tween successive lines has been found to be 20.3 m number 


difference be 
Ay = 203 2h — 
^ OF Fae = 20.3 
whence Inci = 2.7 x 10 gm-cm* 


Again for HCI, H = 1.008, Cl = 35.46, and N, = Avo. number 


ad (m,xmglNó _ 1,008 x 35.46 
= (m tm ^ 36468x6023x109 — 1.63x 107^ gms 


ond-distance r = Vile = VT 10-9) (63 x 10799) = 1.29 A 
ate determination of bond distance. We also 


Hence, the b 
This indeed is the most accur: 
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know the rotational energy at any level and the moment of inertia of the molecule. 
Some bond distances from microwave spectroscopy are tabulated below : 


TABLE 
molecule Tx 10 T. (A) 
HCl 2.65 1.29 
HBr 3.31 1.41 
HI 4.29 1.60 
NO 16.5 1.15 
co 14.5 1.13 


It should be mentioned here that at higher quantum levels of rotation when 
the speed is quite large, the rigid character of the rotator is' affected and there 
is a tendency for the bond to stretch. The energy of rotation is then expressed as 

Erot = Bhj G--1) — Dhj* G+1)? .. . (VIL26) 
where D is a small constant of the order of 10-4B. The spectral lines will th 
be exactly equidistant especially at higher levels. Nagnorthen 

Linear triatomic polar molecules like COS, HCN etc. behave exactly .like 
HCl-molecule in their rotational transitions. In fact, equispaced lines were observed 
in the microwave absorption spectra, from which B and I were obtained. 


VII.13. Vibration-Rotation Spectra. We have seen that the vibration spectra appear 
in the near infra-red region as the energy-changes in vibrational transitions are 
larger than those in rotational transi- 
eX ¢ k-x; 4 Hons. In a diatomic molecule, two 
atoms 4 and B, having masses m, and 

m, oscillate against one another. The 


1 
1 

! [ 
i ior m, ! idealised vibration may be assumed to 
i| f be a harmonic one. Let re be the equili- 
; 1 brium atomic distance between the two 
L atoms and r when stretched. The atoms 
shift by —x, and x, in two directions 

m, r m; (Fig. VII.14), so that 


Fig. VIL14 X = r-re = —x,+7x, 
The restoring force on each atom is proportional to x, i.e., 
d?x d?x 
mM = — = — 
1g kx and m: JE kx 


Solving : x = Asin (rE +e) 
H 


The general equation of the harmonic motion is x = A Sin (rwt +c), 
where w is the frequency of vibration. 


k TUS ER 
So, 2mo = ve or NIU "m +. . (VIE27) 
Again, the restoring force is related to the potential energy (V) as 
he ps = le 
F= àx OF V = tkx 


The vibrational energy levels may now be determined from Schrédinger ti 
[only x-direction of oscillation being considered]. daisies 


V + oe [E—4kx?] y = 0, 


^ 


VIL.13 ] 
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The allowed solutions of this equation are given by 


where v has integral values 0:152:3;- 


ta ls. 
Evi = V uu ED (+4) ho ... (VII28) 


„indicating the vibrational quantum numbers. 


It should be realised that even at the ground state (v — 0), the molecule would have 


vibrational energy 4 hw, called the zero-point energy. 
The infra-red spectra are usually studied in absorption. In a vibrational 


transition from quantum level v to v' the energy-change is (egn. VII.28). 


If the transition is r 


AE = (v'—v)) ho > =» (V1I:29) 
estricted to adjacent quantum levels (selection principle), then 


Av =v v= 1, or AE = ho. 


Hence hv = hw, or v = o 


ie., v, the 
frequency 
transition 
would appear, (v — o), in 
really consist of a number o! 
it is necessary 
I. Onl 


fairly closely as $ 
is a departure an 


frequency of the absorbed radiation is the same as the fu dam 
of vibration (w) of the molecule. It follows that for any auraa 


between adjacent levels (e.g., 01, 2—3, 5—>6,...) only one spectral line 


the near infra-red spectra. But the infra-re 

f Y f bands each with a fine structure. To a 
tò take into account two other facts of vital importance. 
at their lowest states of vibration, the diatomic molecules behave 
imple harmonic oscillators. But at higher quantum levels there 
d the vibrations become anharmonic. As such the vibrational 


energy would more properly be expressed as 


Eno = (vH) ho — (0+4)"hox ... (VIL30) 
where x is called the anharmonicity constant and ha n 
This departure from harmonic s.a small magnitude. 


oscillations may be graphically illustra- 


ted, (as in Fig. VII.15) by the observed 
ial energy curves and the vibra- 


potenti 
tional 


of simple E 1 
are plotted against atomic 


energies calculated on assumption 


energies 
distances. 


arabolic while the observed one (dotted 


line) is such o int 2 
Because of anharmonicity, vibra- 


tional transitions a 
nt levels only, but may also occur 


adjace 


harmonic character. The 
The theoretical curve is truly 
nly at low quantum levels. 


re not confined to 


between different levels, so that 

NG) Sa iU uda ITE etc. Assuch, 

from equation (V1I.30), 

AEvo- (v' —v)ho(v' coo tvt 1) hxw 

We can now express the frequencies of 

lines from different transitions as in the 

following : Fic. VIL15 
Transitional levels Energy changes Frequencies 
yz0-vw =1 AE= hyp +1 = he(1—2x) nse = —2x 
EOE —2 AE = hoz: = 2ho(1—3x) AE Meas 
vy20—v =3 AE = hoss = 3ha(i—4x) Y. o = (1—4x)30 
pe iow =2 AE = hys ho(1—4x) Yas. = (0—490 

..» (VIL31) 


transition will lead to a separate line in the spectrum 


Each different vibrational i tc 
ted above. But this is not enough ; to explain much 


with frequencies as indica! 
greater multip 


licity we have to consider also another aspect. 


346 PHYSICAL CHEMISTRY [ VII.13 


II. Pure vibrational transition without affecting rotation is not permitted. 
A transition in vibration is invariably associated with a rotational transition. 
In other words, a rotational energy-change is superimposed on the vibrational 
energy-change. The net change in energy is the algebraic sum of the rotational 
and vibrational energy-changes, 


AE = AEvwb + AErot 


If we consider the vibrational transition v = 0 to v' = 1, we have from equations 
(VIL31 and VIL25), 

AE = ho(1—2x)2-2Bhj . . . (VIL.32) 
the rotational energy being always governed by selection restriction Aj = +1, 
i.e., j may increase or decrease by unity only. 

Neglecting anharmonicity factor x, we have, AE — ho +2Bhj 
Now consider the vibration transition, Av = 1, say from 0 — 1. 


For Av = l, with Aj = 1 and Aj = —1, the energy differences are : 
AE = hv»,,,--2Bhj and AE = hys, 1 —2Bhj 
The frequencies of the spectral lines are obtained by putting j — 1, 2, 3, etc. 


R-branch P-branch 
YR = Vo+1+2B Yp = Yo. 1—2p 
US = Yo. 1t4B Jp = Vo»1—4B 
VR = Vo»1+6B ve) = Vo 372 6B. 
UE = Vo511+8B vp = Vo,1—8B 


This predicts that for cach vibrational transition there would be two sets of equi- 
spaced lines in the spectra ; one set called R-branch in which frequencies increase 
uniformly by 2B and in the other set called P-branch frequencies decrease uniformly 
by 2B. There would appear no line at %9+1 Corresponding to pure vibration 
(Aj = 0). The spacing between the first line of the R-branch and the first line 
of the P-branchis Av = (v9, 1+2B)—(y,., 1—2B) = 4B. 

That is, when other lines are separated by 2B, there would be a gap at the centre 
of the band. The centre of this gap (where no line appears) corresponds to fre- 
quency vo», which might have been due to pure vibration. By locating the centre 
it is thus possible to obtain the values of both vo» , and B. If the anharmonic rela- 
tion be used, the value of x can also be found out. The experimental results 


have confirmed these facts, as shown in the fine structure bands of HCI molecule 
in Fig. VII.16. 


e c 


Absorption per cent 
a 


5 9 38 57 56 85 
Wave length p 


34 ss eS 
Fic. VII.16 Vibration-rotation spectra (HCI) 


Similar results will also be obtained when we consider vibrational transitions 
v = 0 tô v = 2, or v = 0 to v = 3 etc. The spectra Corresponding to Av = 1 
are called fundamental bands and others for Av = 2, 3 etc, which are less promi- 
nent are called overtones. The formation of large number of bands with their 
fine structure is thus explained. 
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The frequencies of the origins (vo) of the fundamental and overtone bands 


would be in the ratio (eqn. VII.31), 
—2x)o : (1—3x)2o : (1—4x)3o &21 :2 :3, 


Vio ? Varo ? Varo = a 


when x is very small. 
The experimental values for HCI confirm the expectation, 
ny] 0—1 022 0-3 
v(cm)+ 2886 5668 8347 
Hence, the value of the fundamental frequency, 
w = Vary = 2886 x 2.99 x 10° = 8.64 x 103 per sec. 
[It may be mentioned that the non-rigidity factor has not been taken into account. 
during a vibrational change, there would be a stretching of the molecule leading to Eri 
moment of inertia J and in B. These fine corrections have not been introduced in the treatment 


above.] 


VII.14. Force Constant and Amplitude of Vibration. In equation (VII.27), 
1 
k sk = Arion <. . (VIL33) 


w —.- — 
2a V p 

damental frequency of vibration, is known fr 

n 1 om the centre 
of the fundamental absorption band, v =0 to v A Hence, the force constant (k) 
which is a measure of the restoring force with which the molecules are pulled 
back towards eqm. position is known. 

Illustrations : (a) The wave number of the centre of the fundamental b i 
cm. Hence its frequency is v = 2140 x 2.99 x 10!* = 6.4 x 10** per sec. ue RPM 

+, Force constant, k = 4n%o%p =4 x 9.87 x (6.4 x 102)? x 1.14 x 107 = 18.4 x 105 dynes/cm. 


(since co = 1.14 x 107?) 
(b) At the ground state 


The value of w, the fun: 


(v — 0), the vibrational energy, 


1 X»: 
EUER E IET 
2 22 m 
When the atoms are at their furthest extremities displacement x = Xmax th Tous 
1, (E, is nil), so Eo = Ey, dt max, the whole of vibra: 


tional energy is potentia 
DE ro REL ER 
2“ 2w p 


[IR 
or mor 2c kp ] 
The amplitude of vibration is thus known. Putting the corresponding values of k and p for CO 
we have x = 0.05 x 107* cms. [h = 6.6 10-9? ergs-sec] 1 
Sec, VII.12), the bond-length of CO is 1.13A, Hence the amplitude is less 


We have seen ( 
. bond distance in the ground state. 


than 5% of the eam: 
(c) In H-Cl infra-red spectra, the centre of the fundamental band (vo.,,) has a frequency 
y = 8.66 x 10*° per sec and p = 1.63x 10-?* gms. 


Ok m 4ntotu = 4.98 x 105 dynes/cm. 


. »  (VIL34) 


: h VES 
The amplitude of oscillation is derived from ie = 45 V. k 
T 
E 
x = 012x10-* cms = 0.12 A 


whence 

The constants for a few bonds are given below. 
Bond k x 1075 dynes/cm Bond kx 10- dones om 
c—C 4.6 H—cl 48 
C=C 9.5 H—Br 41 
C=C 15.8 H-i 32 
c—o 49 H—O 78 01,0) 
C=0 12.3 C—H 59 (CHa) 
C=O 18.6 c—Cl 3.4 (CH,C)) 
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VII.15. Isotope Effect. Molecules having different isotopes of the same element, 
such as DCI and HCI, show different spectra. This is expected, for, the masses of 
the atoms are different and hence reduced mass as also the frequencies of vibration 
and of rotation would be different. The atomic distance and the force constant 
which depend upon the extra nuclear electrons mainly are assumed to remain 


constant. Indicating the two species of isotopic molecules by suffixes I and II, 
we have k = 4s*eju;and k = 4n*ofp. 
oj — pu 1 
as) sa » 8. (VTE35) 
un m abe SEY), ( 
The vibrational frequency of lighter species will be Somewhat larger than that 


of the heavier one. Assuming harmonic vibrations for each species for simplicity, 
the energy levels of the two species are, . 


Er = hwr (v--3) + 2Bhj, 

En = hwn (v--3) + 2B'hj 
ie., v = @ + 2Bj 

Yn = Oy + 2B/j 

for the same change of vibrational level, Av = 1. 

Since moment of inertia (I) would be different, the values of ‘B’ would also 
change. In consequence, the two species would give two superimposed bands 
with their origins slightly shifted'from one another and the lines in fine structure 
would appear in duplets. Such double lines have been experimentally established 
and the isotopic shifts in the lines measured. Hence from equation (VII.35), we 
have for H9*Cl and H37Cl, 

Ui Av ae 
Vig AY CI il = 7x 10-4 
s (STO EE p V en! pa 


or 2i = —7x10-4 


Knowing A from spectroscopic measurements with H®5Cl, the shift dà was 


calculated and found to be 26.6A. Lewis and Randall’s experimental measure- 
ment showed AA = 25 + 2A. 


VII.16. Potential Energy Curves. When the two atoms in a diatomic molecule 

oscillate against one another, the potential energy (Ey) changes with displacement 

x. Ina harmonic vibration, x = A Sin (27wt-+-c) and the force constant f = 4g?02,. 
Hence, the vibrational energy — kinetic energy + potential energy 


= p (Z) + ape 


= in4s*o*A*Cos*(2mot-Fc) + 14*0?,14? Sin? (rwt + c) 
= 27°w*A*u (constant) 


: Thus, for a harmonic oscillator the potential energy plotted against interatomic 
distance should be a parabola and the quantum levels of vibration should be 
equispaced, AEvib = hw. But because of anharmonicity the potential energy 
curve obtained usually is as represented in Fig. VIL17, only at lower quantum 
levels does it approximate to the parabolic form. 

The curve shows that when the two atoms are at considerable distance, the 
interaction between the atoms is negligible. If the two atoms are brought closer 
together, an attractive force between the two appears and the potential energy 
begins to diminish. The two atoms would have finally coalesced, had there notbeen 
a repulsive force also when the atoms are sufficiently near. This force of repulsion 
slowly increases, as the interatomic distance continues to diminish, counter- 
balancing the attraction. The result is that the potential energy passes through a 
minimum at M and then sharply rises as the distance between the atoms further 
diminishes. At the minimum M, the attractive and repulsive forces are equal and 
the system is expected to be stable. The atomic 


Separation at M, is the equilibrium 
distance (re) between the atoms. But at M. , the system has sufficient kinetic energy to 
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Fig. VIL17 
bring the atoms still closer, until Æ becomes zero when the entire jnergy i 
/ now recede ; the atomic separation increasing ro peus 


the equilibrium 


PQ, the pote 
that the resistan 


expansion. 
y— oc. This means that w 


tion of the mole 


reaches the other extreme when again the kineti 4 
PO, as the atomic distance Bue qM lzy become: 
hanges along PMQ. The nature of the curv Ls a 
ce to compression of the molecule is much greater th S UNS 
increases, the curve finally approaches a horizontal Pm that to 
hen the atomic separation is sufficiently large DRE 


cule would occur. 
a diatomic molecule consists of four different types of 


an oscillation 
ntial energy € 


As T 


The total energy E of ) 1 
Eg, Vibrational Ey, rotational Ej, and translational 


energy> namely el 


Er: 


That is, 
At absolute zero (T — 0) 


ectronic, 


E = Eat Es Erit Er 
E 4 and Er would vainsh and hence E = E, 4- Ey; 
Ty 
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The minimum of the pot-energy curve (M), represents only the electronic 
energy (Fig. 17). In the ground state X— X, the vibrational energy is thw,. So, 
the energy of the system (at T = 0) in the ground state 

E = Ea + Mos. - . . (VIL36) 
Since we are now considering the vibrational energy only in a given electronic 
state (i.e., Eer constant), we may arbitrarily choose the energy level at M to be 
zero by transposing the reference point; 

As the vibrational quantum number is increased the energy levels rise to 
Y—Y,Z—Z...horizontals. The spacings between these horizontals Y— X, Y—Y, 
etc. depend on energy difference between consecutive quantum levels. For anhar- 
monicity, the spacings become closer as the quantum level v increases. Finally 
when the level A—A is reached, the molecular vibrations become violent enough 
to dissociate the system into two atoms. The vibrational energy then becomes 
the kinetic energy of the two atoms. The tanslational kinetic energy levels are so 
‘close that a discrete line spectrum is no longer feasible. Instead a continuum is 
obtained (Fig. VII.17). 

The difference in energy in the ground state Y— X and the dissociation level 
A—A is the energy needed to dissociate the molecule by breaking the bond. This 
is the spectroscopic energy of dissociation .D. The energy-difference between the 
minimum M and the asymptote level A—A denoted by D' is greater than the 
dissociation energy by i/i». So, 

’ "= D+ tho <. . (VIL37) 

For the potential energy curve, Morse proposed the relation, 

Ey = D [1—e-o-re)]2, 
where r is the interatomic distance at the point and r, the equilibrium atomic 
separation, ‘a’ is a characteristic constant of the molecule. The relation is evidently 
satisfactory. For 


= = 2D.a. [1—e-ar-re)] [e-a] 


which shows that (i) at the minimum when ae =0, 


ere = 1, ié&,r = Te. 
That is, minimum will occur at the eqm. distance. Further, 
(ii) when r = re, Ec = 0 
Gi) when ro, E, = D(1—0)* = D, the energy of dissociation. 
All these ue dur ported from De pani of the curve. 

It woul ave n possible to determine the energy of dissociation (D 
if the vibrational spectra could be followed right up to the continuum, but this ^ 
not usually possible. Birge and Sponer introduced a method for evaluation of D 
from energy-difference between consecutive quantum levels (vide equation VII.30), 


dE 
mds ho—2hox (v4-3) 


At the asymptote level A—A, the quantum levels almost coalesce, aE 0 


Le, — = 
Qv 
Indicating this quantum level by vp, we have 
Ahox (vo+4) = ho or vot = +, ++ + (VIL39) 
So, at the dissociation quantum level (vp) 
E, = D' = (vp--3)fie— (v p4-3)*hox 


=e hx. 1 m 


4x? 4x 
«<. The heat of dissociation D = D'—14Rh« = = — the. 
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The spectroscopic determination of w and x would enable us to evaluate D. 
Again, at low quantum levels, where anharmonic character is almost absent, 
expanding eqn, VII.38, we find, 


a(r—re a*(r—re)* 


E, = D[1-1+ 4 eje Da*(r—re)? 


L1 [E2 
But Ey = tf? = }. 4nr’w?p. (r—re)? 
Comparing Da? = 2m?o*?p, 
Qn 
pne m 
mV (VII.40) 


Hence the constant ‘a’ is also found out. 

For every electronic state of a molecule there is a different and independent 
potential energy curve. The greater the electronic energy of the molecule the 
greater is the potential energy. In Fig. VII.18 are shown the potential energy curves 
at two electronic states, normal (A) and an excited state (B) with their respective 
vibrational levels. The vertical separation between the zero vibrational levels 
of the two states A and B indicates the difference in energy AE of the two electronic 
states. The equilibrium interatomic distances (re) im the two states are different. 


Fic. VII.18 Potential energy curves at lower electronic state (A) and upper electronic 
states (B & C) showing also a number of Franck-Condon transitions, 
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It is also found that at higher electronic levels, the energy necessary for dissociation 
(Ds) is less and as such the trough of the pot-energy curve becomes shallower at 
higher electronic levels. At sufficiently high an. electronic state, the potential 
energy curve takes the shape as at C, with no minimum. In such circumstances, 
there is no vibration rotation band with fine-structure and the molecules reaching 
that state must dissociate. 

During an electronic excitation, certain conditions are obeyed as proposed 
in what is known as the Franck-Condon Principle. The principle states that during 
an electronic transition, the interatomic distance remains unaltered. This happens 
because electronic movement is much more rapid compared to nuclear movemerts. 
The period for electronic transition is ofthe order of l0-75sec whereas the 
vibrational period is of the order of 10-3 sec. It is thus possible to represent 
the electronic transition by vertical lines (PP', NN’, QQ’ etc.) in potential energy 
diagrams (Fig. VII.18). ! 

The Franck-Condon principle further states that an electronic transition would 
occur only when the atoms in the lower electronic state are in their extreme posi- 
tions such as at P, L, Q, N etc. Only if the molecule is at zero vibrational level 
as is very often the case at room-temperature, the electronic transition may occur 
when the molecule is at its equilibrium distance as shown by ZZ'. Not only the 
extreme interatomic separation remains constant during transition but in the 
higher electronic state the same interatomic separation will be the amplitude 
of the new vibrational level. That is, this distance will be the shortest or longest 
atomic separation in the new vibrational level. The points P', Q', N', Z' etc. 
Shall be the extremities of their respective oscillations. ‘ 

If during an electronic excitation, the molecule reaches a quantum level 
at Q' or above, the atoms from their shortest separation begin to expand to infinite 
distance because of high vibrational energy, thus leading to dissociation. It is 
clear from the diagram that an absorption of energy equal to ( AE + Dg) by a 
molecule in state A will lead to dissociation. Similarly when a molecule takes 
up a photon as to be excited to the C-state, it will result into dissociation, For 
any electronic transition in which a molecule reaches a vibrational level up to 
nearly Q' in state B, there shall appear electronic spectra with definite vibra- 
tional levels after transition, 

Pre-dissociation. Henry (1924) first observed that in the absorption spectrum 
of S;,-vapour some portions of the fine Structure are diffuse and blurred. For this 
gas, in the region of wavelength greater than 2799 A sharp lines are noticed, 
Between 2799 and 2741 A the fine structure is blurred as if a continuum is ensuing. 
But at still lower wavelength the fine structure is again quite Sharp. Later on 
such diffuse regions were noticed in many other spectra such as those of CH,CHO, 
CH;Cl, NO;, SO, NH; etc. Such a phenomenon is termed ‘Pre-dissociation.’ 
In fact, three electronic states are involved in it. 

Suppose 'B' and *C' are the potential energy curves of two excited states of 
the molecule whose ground state curve is ‘A’, Fig. VIL.19. The two curves Band C 
cross one another at the point R. Now a transition along LN from state A to B will 
produce normal vibration band with its fine structure. But when a transition like 
PQ is considered, such that the level QQ’ 1s in the vicinity of R, there is a new 
possibility. When the atoms recede from Q (in state B) the energy changes along 
ONRQ'. As the energy-value approaches R, a transition from state B to state C 
occurs, particularly when the kinetic energy of vibration is small. Direct transition 
from A to C is not permitted. The energy of the system is now sufficient to cause 
dissociation in state C, although not so in state B. Hence the vibration in B is 
quantised but for transition like PQ and at still upper levels, the molecule may 
dissociate through state C in lesser time (10-4 sec) than the period of rotation 
(102? sec). Very often such predissociation is observed in polyatomic molecules. 
In such a case, the curve B represents the excited state of a particular bond and the 
energy imported is not sufficient for the dissociation of this bond. This energy 
may pass on to another bond somewhere else in the molecule (state C) which would 
be sufficiently stretched to undergo dissociation. For example in CH,CHO, 
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Yr 
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the radiation is first absorbed to excite CO bond b 
occurs as CH;CHO — CH;--CHO (radicals). The a ea dissociation 
a region of 


pre-dissociation spectra. 


VIIL.17. Infra-red Spectra and Chemical Constitution, Some of the di i 
tions of vibrational spectroscopy have been mentioned. The dete € direct applica- 
constant, moment of inertia, the heat of dissociation of the a lea of force- 
can be deduced from a study of the infra-red spectra. There op of a molecule 
useful deductions. Mi re also other very 
The polyatomic molecules give rise to very com IEXTVIDIAG 

complete and satisfactory interpretation of SUD pedea: aye seem spectra ; a 
A molecule with n atoms has (3n—6) degrees of freedom. It will thu emely difficult. 
energy level patterns with individual spacings, and there will be us have (3n—6) 
The number of vibrational bands becomes numerous when a many bands. 
large and the spectra are quite complicated. If the vibrations A appreciably 
with respect t or a plane, the interpretation becomes so: e symmetrical 
The molecule of water has three possible modes of SS pida easier. 

3 d the other asymmetric as shown in Fig. VII.20 bel wo of these 

linear and angular shapes E molecule. ; ow, for both 

i near structure is non-polar TRUE 

the linear shape of the molecule Srovidet. Aber spectra for 
whereas the angular or bent shape of the SENE wo possible 
three vibrational bands. For water, three bands with wave enie wi exhibit 
centres as Y = 595 cm}, 3652 cm- and 3756 cm- have been obtai rs of their 
two for the symmetric modes and the last for the asymmetric one. amel the first 
of the molecule is thus confirmed. . The bent shape 


23 
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Another invaluable assistance provided by infra-red Spectroscopy is in the 
field of organic chemistry in indicating the presence of certain groups in a large 
molecule. Every pure substance has its own characteristic infra-red spectrum 
different from that of any other substance. The spectral picture thus helps in 
confirming and identifying an unknown sample of pure variety. 


symmetric asymmetric symmetric 
— — — a q — — 


H——— O——H H—O——H H—o——H 
a) ' (b el (Linear) 


| 

o Spit o (Angular) 
vA N d NS SPAN 

Gp OS M det mas (f) 


Fic. VII.20 The modes of vibration of H,0O in angular and linear structures, 


The regular recurrence of some absorption bands when certain groups are 
present in the molecule points to the fact that these bands are characteristic of 
those groups. For example, all compounds having a ‘C-H’ bond exhibit bands in 
the region 3.2 and 3.5. The exact position of the band is somewhat influenced 
by the rest of the molecule. In aromatic compounds the C-H band is observed 
at 3.254 which is also found in aliphatic substances having —C—CH grouping. 
Similarly, N-H bonds have bands at 2.9—3.0p, O-H at 2.7—2.8 etc. The charac- 
teristic frequencies of some of the groups are tabulated below : 


TABLE 


Band-frequencies, v cm~ 


2880— 3030 
3000—3120 
3340 


1660—1870 


1600— 1680 
2200—2260 
` 3500—3700 


3300—3500 


These are most useful in confirming the presence of a group in a molecule. In 
a mixture, the positions and intensities of the bands for a particular substance are 
not affected by the presence of other components. So, in a mixture of closely 
related compounds, the identification as well as the quantitative estimation of a 
particular component can be spectroscopically ascertained, even if the chemical 
methods fail. 
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VII.18. Electronic Spectra. The electronic spectra are i à 
^ > 5 A studied bot issi 
and in absorption. When an electron of a molecule is promoted Rum MO EREET, 
orbital (say ground state) to a higher energy state, radiations are absorbed in a 
crete amounts giving rise to absorption bands. On the other hand the return of a 
excited molecule to lower electronic states, energy released leads to ES 
spectra Rd large amounts of energy changes (about 10? Kcals per mU 
are involved in these an the spectra are therefore found in the visi i 
region. ble or ultraviolet 
The electronic spectra are very complex in nature. For detai 
E etailed tr 

of such spectra, a text on molecular spectroscopy is to be consulted, only te Ba 
principle is enunciated here. Inspite of the complex nature of such spectra, the 
spectroscopists prefer the electronic spectra for they appear in Sisiblezulizaviolet 
region where the handling of the experimental technique is much easier than in the 
infra-red. The other advantages offered by electronic spectra are that information 
about the excited state of the molecule and the heat of dissociation is easily obtain- 
ed. Homopolar molecules which have no spectra in the infra-red or in microwave 
region also show electronic spectra. 

Any change in the electronic state is associated with simult: 
a os : aneou: 
in vibrational and rotational levels. We have seen in connection with uec 
energy curves how the vibrational energies alter during a change in the electronic 
. state of a molecule. When an electronic state is altered, there is usually a large 

number of changes in vibrational levels, each of which gives rise to a band. In 

each of these bands again there are innumerable lines due to rotational transitions. - 
This makes the electronic spectra, even of very simple molecules, quite complicate A 

Now, the energy of the molecule d z 

E = Eat Eviot Erot 
In two electronic states, we can express them, as 
E = Eat @+iho — (v--D*hixo. + Bhj(--1) 
and E' E'a-- (v 4-)ho' — (v'--3)*hx'o' + B'hj'(j' 4-1) 
where v and v' are the vibrational quantum levels in two s i i 
: , a tates wi 

fundamental frequencies « and w’; the rotational constants B and B’ re dum 
will be different as also anharmonic factors x and x'. Subtracting, » 


AE = hy (o--Dho—(v 3 Dho' —(v--3) hxe—(v Ax w} 
-FBhj(j 4-1) —B'hj' G* --1) 
where Eei—E'et = hye, i.e., the energy of the radiation absorbed or emitted had 


there been pure electronic energy-change. 
On the other hand, the change in vibrational level (Av = v—v') may have 


any integral value, 


M 


Av =0, +1, + 2,3, 24 ... ete, 

whereas, the rotational transitions for any of these vibrational bands, Aj — 
The frequency of the radiation absorbed (or emitted) will then B ducto. I: 

y= peto tHo- v Hw eH rwu H) x'w) 

-HBjG-D) —B'j'G'--3) EN (VILL) 

The terms within the parantheses on the right side, it is obvious, indi 
frequency of the centre of a band to which the fine structure end aed p» 
the rotational terms. Denoting the frequency of the centre of the band by vo, 
y = yo -Bj G--1) — BY’ G+). 
Nowwhen Aj= +l, ie,joj—1, we have the R-branch, 

@ va = vo + BIG--D—870—D = vo + (BB +(B—B')/* 
Again, when Aj=—l, i.e., j—1—j, we have the P-branch 

(b ve = Yo + Bj(j—1) — BYG+1) = vo — (B--B^j4-(B—B^y? 
Putting different integral values to j in (a) and (b) we can have th 
lines of the band. These lines evidently cannot be equispaced. € fine structure 
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VIL19. Raman Spectra. When a beam of monochromatic light is passed through 
a transparent medium, a portion of light is scattered in all directions. The frequency 
of the scattered rays is the same as that of the incident beam. This is known as 
Rayleigh scattering. But a careful spectroscopic examination of the scattered rays 
reveals some faint lines other than those due to Rayleigh scattering. That is, a 
small portion of the rays are scattered with a.different frequency. This was first 
Observed by Raman in 1928 and the phenomenon is called Raman scattering. 

In Rayleigh scattering the encounter between a photon and a molecule is an 
elastic one and hence the frequency of the scattered radiation remains unaltered. 
In Raman scattering since there is a change in frequency, and hence in energy, 
the collision between a quantum of radiation and a molecule is inelastic ; the 
quantum either gives some energy to the molecule or takes it from the same. 

An explanation of the Raman effect, based on quantum theory, may be made 
as follows : A molecule initially at level A with energy E4 absorbs the quantum of 
radiation hy; and is raised to the level X temporarily ; v; is the frequency of the 
incident rádiation. Then the energy at level X is £4--/v;. The molecule then emits 
a radiation of a different frequency (vs) and comes down to thelevel B. The energy 
of the molecule (Eg) now is E4 +hy—hys. 


Le., E4+ hy—hys = Eg 
or hvi—hvs = Eg-E, 
or hAv = Eg—E, 


That is, the energy which has been transferred to the molecule is h Av. The change 
in frequency corresponding to this energy change is Av( = Yt—Y5). This frequency- 
change is called the Raman frequency. 

Generally v; is less than vi, i.e., energy is taken up by the molecule (Ep> E4). 
But it is also found that sometimes the molecule emits more energy than it was 
absorbed. The result is that hvsz- hw. 

The Raman-scattered lines with lesser energy, i.e., those which are formed on 
the long wavelength side are called stokes lines and those which are formed on the 
short wavelength side of the incident beam are called antistokes lines. 

The experimental results show that the Raman frequencies (Ay) are always 
of the order of 200 to 5000 cm-1. That is the Raman frequencies belong to the 
infra-red region of the spectrum. In other words, the energy changes in the molecule 
during Raman scattering are those which would lead to infra-red Spectra. It is 
thus rightly concluded that the energy difference between incident and scattered 
beam is used up in changing the vibrational energy level of the molecule. The 
lowest Raman frequency for a molecule Should correspond to the equilibrium 
vibration frequency. 

The energy-change in fundamental vibration band of the infra- 
(equation VIL31) v 2 0tov — 1, AE = hw 2xhw = hw (1—2x). 

Assuming this energy-change occurs in (lowest) Raman effect, 

hAYg = ho (1—2x) or Raman frequency, Avge = » (1—23). 

But «(1—2x) is the centre of the fundamental vibration band where no Spectral 
line is observed. Raman frequencies will thus be the centres of the vibration 
bands. This is corroborated from experimental findings. The observed Raman 


frequencies and the centres of vibration bands from infra-red spectra are com- 
pared below : 


red is given by 


Molecules Spectra 
Infra-red, [o(1— 2x)] Raman (A vR) 


2886 cm-! 
1879 
2144* 
2331* 
1554* 


* From electronic spectra with gases. 
+ In liquid state. 
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These confirm that in Raman scattering vibrational changes are involved. Some- 
times Raman lines with very small difference in frequency with the exciting radiation 
are obtained close to the line of the latter. The energy-changes are so small that 
these are considered to be due to pure rotational transitions. Raman effect may 
thus introduce vibrational and rotational changes in the molecule. 

There are however some interesting characteristics in Raman scattering. 
The Raman frequency is independent of the frequency of the incident radiation 
and depends only on the medium. For this reason, any convenient source of 
radiation can be used. Although the frequency-shifts correspond to the infra-red 
region, these are very easily investigated and determined from the scatttering in 
visible regions. The centres of vibrational bands which are forbidden in the infra- 
red spectra (since Aj #0) are directly produced in the Raman spectra. Homopolar 
molecules cannot exhibit vibration-spectra but these respond to Raman scattering. 
In rotational Raman scattering, the quantum levels change by two instead of one, 
Le, Aj = +2. Since the fundamental frequency is available from Raman spectra, 
the evaluation of force-constant, moment of inertia etc. is also possible. 

‘A wealth of information is available from the study of Raman spectra. The 
most important application of Raman effect is in the determination of the constitu- 
tion of organic molecules. As in infra-red spectroscopy, definite Raman frequencies 
are associated with different linkages and these are the same as in vibrational 
spectra. The Raman frequencies for C—H linkage is about 2800 cm™ and those 
for C = C about 2100 cm, for C=C about 1600 cm? and so on. The results of 
examination of Raman scattering are thus helpful in establishing the constitu- 
tion of an organic molecule. j 

Halides like NaCl, KCI, CaCl, etc. do not show any Raman frequency, but 
non-metallic chlorides and chlorides like HgCl;, Hg,Cl,, ZnCl, etc. have intense 
Raman lines. This proves the existence of vibrational levels in Hg,Cl, etc. confirm- 
ing their covalent nature. 

XO, type radicals such as SO,77, SeO,-- etc. have definite Raman frequencies 
in the region 800-900 cm~. But with telluric acid, the Raman frequency is about 
648 cm, far away from those of SO, etc. This shows that telluric acid cannot 
have TeO,-- radical in it. Telluric acid is Te(OH), instead of H,TeO,, 2H;O. 


G. ABSORPTION OF LIGHT : SPECTROPHOTOMETRY 


VII.20. Spectra of Liquids. The rotational, vibrational and electronic spectra 
which have been considered in the previous sections are produced with their 
fine structures when the substance is taken in the gaseous state. But in liquid state 
or in a state of solution, due to strong molecular interaction the fine structures in 
these spectra seldom appear. In the electronic transitions occurring in the visible 
and ultraviolet region, with liquids or solutions, the vibrational spacings are 
indistinguishable due to their overlapping. So in such spectra the vibrational 
bands along with their rotational fine structures disappear and instead are obtained 
continuous broad electronic bands. Although sharp structural features are not 
available, yet the absorption bands in the visible and ultraviolet regions have 
proved interesting study. ) 3 à 

When the energy involved in electronic transitions is large the bands appear 
in the ultraviolet but with lesser energy-change the electronic absorption bands 
are formed in the visible region. It is only the coloured substances which would 
exhibit absorption band in the visible region. For, the colour of a substance 
determines the portion of white light it has not absorbed and has transmitted. 
The green colour of the NiCl, solution means that it has absorbed the red and trans- 
mitted the green out of the white light. The colourless alcohol or NaCl solution 
transmits the white light entirely and no visible radiation is absorbed. These 
may have absorbed some ultraviolet radiations. In our present study we are 
concerned with the radiations which are absorbed and the extent to which the 


absorption occurs. 


358 PHYSICAL CHEMISTRY [ VII.20 


The ultra-violet spectra are concerned with electronic transition from lower to higher orbitals. 
Usually the non-bonding (n-) lone pair of electrons are less strongly bound in a molecule. Of 
the bonding electrons c-electrons are 
3 at a lower energy level than the 

PL) SECUN mer g-  -electrons, The absorptionof radiant 
energy by organic molecules leads to | 


fj? transitions like (i) bonding z-electron | 


| I to higher anti-bonding z*-electron ; 

I 1 (ii) non-bonding n-electrons to higher 

E anti-bonding z*-electrons ; i.e., 7->7* 
N and n—z*. Besides. these, transitions 

! - of the type o—c*, and n—o* also 


occassionally occur. (Fig. VII.21). 
—————————— ge 26-6: yc L6:in—m* 


Fic. VIL21 op "v VIS 
oso. c So Oi: non 


When light is passed through a liquid or a solution, the absorption does not 
occur at all wavelengths. At a particular wavelength or within a small range 
of the same, the light is considerably 
absorbed. And in the shorter or longer 
wavelength side the absorption is very 
little. Hence if we plot the amounts of 
light absorbed (from an observation of 4 
the loss of intensity of emerging radiation) 5s 
against wavelengths, we obtain a maximum 
at the absorption-range (Fig. VII.22). 

Every substance has got its specific 

absorption curve. The decrease in intensity 

of the radiation in its passage through the ^ 
absorbing medium is governed by two Fi. VII.22 
Laws—Lambert's Law and Beer's Law. 


Lambert’s Law states that the rate of decrease of intensity with the thickness 


dI "a ! 
J AK peres kdl 
To 0 
I 
GR In = —H 
ie., I= Te . . . (VIL42) 


where J, is the intensity at / = 0, and J, the intensity at distance 7. The constant k 
is called the ‘absorption coefficient" of the substance. The equation may also be 
written as, 


I = J.10-4 <. . (VILA3) 
where a = 0.4343 k and is termed ‘extinction coefficient’. It is obvious that the 
proportion of the amount of light absorbed (I/7;) with equal thickness (I) of the 
absorbing material will be the same and this proportion is independent of the 
intensity of the incident light. 

If I denotes the thickness at which the intensity is decreased to one-tenth,. 
then from equation (VII.43), 


1 i : ; 
a= T (l is expressed in centimetres) 
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When the absorbing substance is i i 
i / E present in solution, the absorpti i 
tion will also depend upon the concentration of the solution, Beer's EON ane 
e rate of decrease in intensity of radiation absorbed is proportional to th hick oe 
of the medium and also to the. concentration of the solute. Hence, using satis ae 
> ols, 


dI ) 


Zim k'l.c (where c = concentration) 

I T = -k'el 

ntegrating I Toe .. . (VIL44) 
5 2 E ga db 

p k = inp ... (VIL44a) 


where k’ is called the ‘molar absorption coefficient’. It is evident i 
eres | ; that Z 
centration is doubled and the thickness of the layer of solution be halved uus 


of absorption will be the same. 
SH = —ecl 
Rewriting, I — I0 .. . (VILAS) 


so that e, called molar extinction coefficient" is given by e = 0.4343 k’. The 
value of e is specific for a given substance at a given wavelength of the Teda 


beam. 
: Tj : ; : 
The quantity log is called optical density or absorbancy (D) of the medium 


so that D = log fo = ecd .. . (VILA6) 


(d = thickness of the medium) 

When a system contains several absorbing substances, each of thes " 

independently to the space-rate of absorption of light, i.e., e contribute 
D — «td Eod kd... and _.. (VILAT) 

when concentration is expressed in moles/litre and d in centimetres. d 


: I. A : 
Again, when log T is plotted against concentration of a solution taken in 
a column of definite thickness a straight line, as expected, is obtained. From the 
slope of the line the molar extinction coefficient 1s easily calculated. 

To analyse a mixture having n components, D is measured at n wavelengths 
at which €j, e», etc. are known for each component, provided that e, e», etc. 


are sufficiently separated. À I f 
An absorption curve nowadays can easily be obtained with the help of 
a photoelectric spectrophotometer. Beams of different monochromatic light 

unted on a dial are allowed to pass through a 


obtained through special filters mounte Q e 
cell with pure solvent and also an identical cell with the solution. The transmitted 
light falls on to a photocell which directly registers the ratio I,/I at each waye- 


length. It is thus an easy matter to find out the absorption peaks as also the value 
of molar extinction coefficient. 


The study of the absorbances at, and the position of, the maxima provides us useful informa- 
tion for identification of typical functional groups in organic molecules. Molecules, in which 
double or triple bonds are present, have stable excited states to give rise to near U-V spectra. 
Hence, the occurrence of such à spectra helps us in detecting and identifying unsaturation. Satura- 
ted molecules of hydrocarbons, alcohols, ethers etc. are transparent in the near ultra-violet. Com- 
pounds having only one multiple bond, such as acetone, acetic acid etc. show absorbance of very 
low intensities and hence not quite suitable for identification. When two or more double (or triple) 
bonds exist separated by two or more single bonds, the absorbance practically become addi- 
tive. On the other hand, if two multiple bonds be separated by one single bond, i.e., in conjugated 
bonds, ah unusually large absorbance results. Some of the experimental values U-V maxima 


and absorbances are given in the table, 
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TABLE 


Name Ama x ML € 


| zx) 
279 15 |>C=C—C=CC| butadiene 217 21000 
290 17 |>C=C—C=O | crotonaldehyde| 217 16000 
208 32 |>C=C—COOH | crotonic acid 206 13500 
211 57} C,H, benzene 255 230 


Amaxmp)| e| Group 


acetone 
>C=O | acetaldehyde 
—COOH | acetic acid 

—COOR | ethyl acetate 


Example 1. On passing monochromatic light through a 0.04 molar solution in a cell 2 cms 
thick, the intensity of the transmitted light was reduced to 50%. Calculate the molar extinction 
coefficient. 

Given I|Iy = 0.5, 


1 
So e = - log = (0.03) x2 E 0.5 = 3.76 litres mole- cm~! 


Example 2. A dye solution containing 1 gm per 100 c.c. transmitted 60% of the blue light 
in a cell 1 cm thick. 

(a) What percentage of light would be absorbed by a solution containing 2 gm per 100 c.c. 
in the same cell? 

(b) What should be cell thickness so that 90% of the light is absorbed by the original solu- 
tion? 

G) Let c be the molar concentration of the original solution then the new solution hasa 

concentration 2c. 


Hence, log (0.6) = —e.c.l. 
and log (x) = —e2cl. 
where x is the proportion of light transmitted. 
log x E 
So log 0.6) — 2, whence x — 0.36 or 36% 


Therefore, light absorbed = 64%. 
(i) Here, the concentration of the soln is the same and let Lem be the thickness of cell requir- 
ed to transmit only 10% light. 


Then log (0.6) = —excx1 
log (0.1) = —excxl 
I = log (0.1)/ log (0.6) = 10.3 cms. 


The absorption study often helps in quantitative estimation where chemical 
methods may fail. If in a mixture two components are present, whose individual 
optical densities are d, and d,, then the optical density of the mix is given by 


D = [dye due] 


Carrying out measurements of optical densities at different wavelengths, we shall 
have two separate equations from which unknown concentrations c, and c. can be 
evaluated. The absorption or extinction coefficients are also used to find ‘out the ` 
equilibrium constants in suitable cases. 

But a very commmon use of Spectrophotometry is in the Structural problems 
especially of organic molecules. Compounds of similar structure give analogous 
absorption spectra (Hartley's rule). We may cite the historically famous example 


CO. CO 
L CHK XCOH TAE NS 
6 N N Z ( ) 6 S rr AE 
Lactim Lactam 


of isatin, which may have two possible Structures. The absorption spectra of these 
two were compared with those of their methyl ether derivatives. It was found 
that N-methyl ether spectrum was similar to that of structure II above. Hence 
isatin was given the lactam structure, 
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Similarly, for tyrosine, two alternative structures proposed were 
COOH ,9BR 


CHC C H«C 
OC;H,NH, C,H,(NH,)COOH 
I. Derivative of oxybenzoic acid JI. A phenol 
The absorption spectrum of tyrosine showed no resemblance to that of 
p-oxybenzonic acid but it did resemble that of phenol, thus confirming structure 
TI for the amino-acid. Many other instances may be cited. The problems of keto- 
enol tautomerism have also been explained from the study of their absorption 


spectra. 
H. MAGNETIC PROPERTIES 


rties of Substances. From the stand point of magnetic 
been broadly classified into three categories—diamag- 
-magnetic. Diamagnetic substances are those which 
when placed in a magnetic field show a tendency to prevent the lines of force to 
pass through them whereas the paramagnetic substances prefer the lines of force 


to pass through them. This is schematically shown in Fig. VII.23. 


VII.21. Magnetic Prope 
properties, substances have 
netic, paramagnetic and ferro 


NSS 
Z. 


Diamagnetic g«t Paramagnetic g> 


Fic. VII.23 Behaviour of diamagnetic and paramagnetic materials. 


substances show 4 strong attraction for the lines of force. 
und only in a few substances like Fe, Ni etc. and is of immense 
and need not be considered here. 

tic poles of strength m, and mg at a distance r is 


Ferromagnetic 
Ferromagnetism is fo 
importance in technology 

The force f between two magne 


T sedis ... (VIL48) 


where q is the magnetic permeability of the medium between the poles. In vacuum 

Y imately taken as unity. The permeability is a measure of the 
tendency of the through the medium in comparison with 
vacuum. For diamag less than unity and for paramagnetic 
substance q is greater than unity. 4 ; 

The SSH of magnetism induced by unit field is called the magnetic sus- 
ceptibility of a substance. The magnetic susceptibility is related to permeability 


by the equation, 
q = 14k . . . (VILA49) 


where « is the volume susceptibility. 
. The susceptibility per gram. calle 
is the density of the medium. Then, 
q = 1+47-x 

x = (q—1)/4rp . . . (VIL50) 
hence x is negative while in paramagnetic 
The molar magnetic susceptibility (Xa) is 


d the specific susceptibility (X) is «/p, where p 


i.e., 

. In diamagnetic substances q— 1, 

substances q>1, i.e., x is positive. 
obtained by multiplying specific susceptibility by mol. wt ; 

Xy = XM CV) 
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The x, is of the order of (1075) c.g.s. unit for diamagnetic substances, and 10-3 
for paramagnetic and 10? for ferromagnetic ones. 


The Gouy's balance is used for measuring 
the specific magnetic susceptibility. The 
material under examination is taken in a cylin- 
der of known cross-section (A) and is suspended 
from one arm of a balance such that the lower 
half of the cylinder is at the centre of the poles 
of an electromagnet (Fig. VIL24). This is 
counter-poised by wts. placed on the pan in the 
other arm of the balance. On switching current 
to the electromagnet, the cylinder will go up 
if the substance is diamagnetic, or it will go 
down if the substance is paramagnetic. If mg 
be the additional wt. to be added (or subtracted) 
to restore equilibrium, then, it is shown, 


mg = tAH*(py—p,x,) 


where H is the applied field and y, and p, are Fic. VIL24 Gouy's magnetic balance 
: X Po 
the sp. magnetic susceptibility and density of 


air. This relation may be used to find out y. But the process ma: impli 
y X . y be simplified i 
data with a substance of known X using same field and same cylinder, so um omens the 


At room temperature, poXo Ss 0.03x10-* 


VII.22. Diamagnetism. Every substance when placed in a magnetic field affects 
latter due to an induced magnetic moment. This is the diamagnetic effect which is 
similar to the ‘distortion polarisation’ of a molecule in an electric field. When 
the molecule concerned has a permanent magnetic moment then there would arise 
other additional effects. The diamagnetic effect arises from the orbital motion 
of the electrons around the nucleus. Application of a magnetic field causes an 
alteration in the orbital motion and a magnetic field is hence induced which opposes 
the applied field. The diamagnetic susceptibility is thus negative. The diamagnetic 
effect is independent of temperature and is practically the same for a Substance in 
the gas or liquid phase. Langevin showed that for a monatomic molecule 
or any spherically symmetrical molecule, the diamagnetic susceptibility 
would be i 


—Ne? d- 
Xm = "mci D rà <.. (VIL52) 


where 7? is the mean square of the orbital radii. This relation has bee: 
by experimental results. n supported 


The molar susceptibility in diamagnetic substances has been found to be an 
additive as well.as a constitutive property, like molar refraction. Each atom and 
every structural configuration in a molecule make definite contribution to the molar 
susceptibility. From the determination of x, for a homologous series the contri- 
bution of a CH,-group, has been found to be Xen, = 11,7X10-*, The atomic 
susceptibilities were also separately determined. Some of the diamagnetic 
susceptibility constants and the values of x,, for some substances are given 


here. 
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TABLE 


Diamagnetic ‘Susceptibility Constants Molar Diamagnetic Susceptibility 


Atom or structure Contributions Substance Xm X 10° 


—2.93 x 10-* 


cl 
Br 


I —44.6 
O (alcohol) — 4.61 
O (ketonic) + 1.72 
C=C + 5.5 
+ 8.15 C,H,COOH —10.3 


C=N 
Benzene ring 


Thus, the c 
— 2.93) and for the benzene ring (includ 


s —54.99 x 107 whereas the experimen 


CH,COOCH; —43.1 


alculated Xm for benzene would be for 6C = 6 x (—6.00), for 6H — 
ing the double bonds) — —1.4; the 
tal value is —55 x 10-°. 


6x( 
total i 
tism. The molecules (or atoms or ions) of a paramagnetic 
ermanent magnetic moment, pm: This is due to the presence 
ired electrons in the molecule. These molecules then behave 
as tiny magnets. When an external magnetic field is applied, these tiny magnets 
tend to orient themselves parallel to the field similar to the polar molecules in 
an electrical field. But the orientation is opposed by the thermal motion of the 
molecules. In other words, the extent of orientation depends on temperature. 

In fact the external magnetic field has both a diamagnetic induction effect (am) 
as also an orientation effect Zm on the paramagnetic molecules. The molar suscep- 


tibility therefore would be 
= am + ZM 


XM = 
Langevin (1905) derived from statistical considerations an expression for 
orientation magnetic effect and 


VII.23. Paramagne 
substance possess a p 
of one or more unpa 


showed that Zw is inversely proportional to tem- , 


perature, i.e., $ 
Zm = CmlT, when the const. Cu — 5n x 
` 
N, 
xm = m tT . . . (VIL53) 


Hence 
ery small compared to the other effect and is either 


ated from atomic susceptibilities. The determination of Xm at 
id enable us to find out the value of um. 


The magnetic moment pm in units of ergs gauss?. But very often 
ts are those of Bohr magnetons, pp. which is evaluated in 


the following way. 
Consider the S! 
in its lowest orbit w1 


n of the hydrogen atom moving with velocity, v 


single electro 
he current produced would be 


th a radius r. Thent 
e 
D = 3 (e — charge of the electron) 
oil a magnetic field is produced perpendicular 


When a current is passing in a coil à | 
at of a magnet with moment Hm, such that 


to the coil. This field is equal to th 


— velocity of light and 


= iA ,[ where c = A = area of the coil). Hence the 
c 


Bm = 
moment pm in the lowest 0 


rbit of the hydrogen atom would be 
CORR us 
mise Derr Tod de 
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murse: e 4 ( A : JE =) 
or VIT TENTE (since Bohr's mr — Y) 
= es ze = 927x10-? ergs gauss- ... (VIL) 


(substituting standard values) 
This quantity of moment has been defined as the Bohr magneton, up. The 
observed moment has to be divided by this in order to express the same in Bohr 
etons. 
ae ath the orbital motion of the electron as also the spinning of the electron 
about its own axis should contribute to the magnetic moment of the molecule 
or atom or ion. But in a polyatomic system the orbital motions are so rigidly 
oriented in respect of the nuclei that the applied field cannot effect the same in any 
way. Even for monatomic species in liquid or solid states (where such studies are 
usually made), the influence of the solvent molecules or their mutual cohesion 
prevent any alteration of the orbital motion due to an external field. So in most 
cases (excepting the rare-earth ions), the orbital magnetic moment is inopera- 
tive ; we are to consider only the contribution from the spinning of the electron. ` 
It has been shown from quantum mechanical treatment that 


Us = 2up VS(SF1) 


where S is the spin quantum number, having values 4, 1, VPs 
unpaired electron contributes 3 towards the value of S. Thus, we have 


values of um for molecules with one, two, three .. 
table below. 


< . (VILSS) 


+. etc. Each 
1 some definite 
. unpaired electrons, as in the 


TABLE 


No. of 


Spin Hm in 


unpaired electrons quantum number Bohr magnetons [230 
S Xm — FET. 4S(S+1) 


1 i 1.73 aH 
2 1 2.83 x id 

3 t 3.88 6290 

4 2 4.90 10100 

5 t 5.91 14700 


i No a Ma Da V? Nouh 
[ Since ym = 3r ^r ( QV SED, = ak SS+) ] 
Evidently, determination of molar magnetic susceptibility wil 

knowledge of the number of unpaired electrons present in the Le. C the the 
concerned. Thus, at ordinary temperature ti € lon 


he molar susceptibili 
found to be 3360: 10-5 ie; a moment of about 2.8 ptibility of oxygen was 


ohr 
molecule has therefore two unpaired electrons and the bondin magnetons, Oxygen 


8 shall be 
:9:0: 
The existence of an unpaired electron in molecules of NO CIO, e 
from other evidences has bee : 


Ys tc. suggested 
n confirmed from the susceptibility m 
1300 x 10-* em. units in these cases. Fd eae 


is purely diamagnetic. This indicates t 
latter would have made it paramagnet 
would be paramagnetic as it would 
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the 3d-level is completed and the ion is diamagnetic, whereas in ferricyanide ion Fe(CN), 77, 
the configuration [Ar]3d?4s?4p* the presence of an odd electron in 3d-level should make it para- 
magnetic. These are substantiated from experimental observations. 


J. NUCLEAR MAGNETIC RESONANCE 


VII.24. Nuclear Magnetic Resonance (NMR). The protons and neutrons present 
in nuclei of atoms spin on their own axes and each of them possesses angular 
momentum 4 (h/27). The net resultant of the angular momenta of all the nuclear 


particles, called the nuclear spin, is given by VIL DS where 7 is the spin 


quantum number. The nuclear spin depends upon the number of particles in the 
nucleus. There are three broad principles for the nuclear spin : (i) A nucleus 
with an odd mass number has a half integral spin, (ii) a nucleus with an odd 
number of protons and an odd number of neutrons has an integral nuclear spin, 
(iii) a nucleus with an even number of protons and an even number of neutrons 
has zero nuclear spin. Thus, !H, np, !3C, etc. have magnetic moments having 
spin of $ ; whereas 12C, 160, etc. have no magnetic moment. 

The nucleus considered as a charged spinning body possesses a magnetic 
moment py. Nuclear magnetic moments are very small and are measured in units 
of nuclear magnetons (n.m.). As in the case of Bohr magneton in atoms, the 
nuclear magneton 1 n.m, = eh/4amp.c where mp Is the mass of the proton. . Sub- 
stituting standard values, 1 n.m. = 5.0493 x 10-** ergs gauss™ i.e., 1 nm. is less 
than one-thousandth of a Bohr magneton. For hydrogen nucleus, the magnetic 

t is = 2.7927 n.m. 
Ael TE is placed in a homogeneous external magnetic field of strength 
H, it will behave as a magnet and tend to orient itself in relation to the field. In 

given by e = — pnHCos0, where 


such circumstances, its otential energy is i by. | 
0 is the angle between i magnetic axis and the direction of the field. This energy 
is quantised and can have some definite values only. 


Energy- Level field ang.momentum 
4 
aE 
m " 
LIL— 7 Aut Cg) 
no field. ud tay iC» 
$25 field. H 
^ *3 (Yon) 
=|= 3-44 (fi) 
su rm) 
4n) 
$21. field. H 
Mag.field. 


d energy levels and angular momenta of nuclei 
with I= $andI— f. 


ar momentum of the spinning nucleus in the 


Fic, VII.25 The allowe 


The components of the angul 


- h 
direction of the field are given by mr. 57» where m, can have the allowed values 


of =I, —I+1, —1H2, +- 0, ... I—1, T; ie. a total of (2/-++1) possible values, 
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UN : 5 3 " 
ds, the nucleus may have (21--1) possible orientations with respec 
ie teenie Ta Fig. VII.25 are shown the Possible oreintations of angular 


momentum vector and energy levels, for nuclei with / — Zand 7 
The energies of the allowable states may be represented by 


=) 
= 


E= Hn Y 
Hence, the difference in energy between two levels would be 
AE = EN mm) 
= =H QuhenAmpm1) ... (VIL.56) 


Thus, for the nucleus of ! H with Spin 3, we have two states 


(a) state of higher energy, e = -+uyH, 
(b) state of lower energy, 


ll 


(since m; = —1, 0 180?) 
€ = —pyH, (since m; = +, 0 = 0°) 
Le, Ae = 2unH. 


quency of a radiation which would be in resonance with 
given in equation (VIL.56), we have 


hy = Ey Sue! «e  (VILS7) 
The magnetic fields used for NMR studies is of the order of 10,000 gauss, 
With such a field, the frequency obtained for the radiation Corresponding to nuclear 
magnetic energy-level Spacing from eqn. VII.57 is about 50x 105 cycles/sec, i.e., 
the frequency will be in the region of radio-waves. It is thus easily seen that if we 
use radio frequency waves on a nucleus placed in an external magnetic field, it 
might absorb a suitable frequency, Satisfying eqn. VIL57, and will jump from 
lower to higher energy state orientating from a direction with the field to one 
against the field. When this happens, we are indeed obtaining a nuclear magnetic 
Tesonance or NMR. Most of the NMR Studies are concerned with hydrogen 
nucleus (f=) and the results obtained are quite sat 


isfactory and revealing. 
In 1946, Block and Purcell indi 


lependently developed the ex: 
in NMR spectroscopy. A schematic Presentation of the apparatus 


Now if v be the fre 
the energy-level spacings 


perimental technique for Study 
required is given in Fig, VII.26, 


Receiver 


R. F. 
Transmitter. 


Fig. 


VIL26 NMR Spectrometer (schematic) 
EE. 
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The sample, usually a liquid or a solid, is taken in a tube S placed between the poles of a huge 
magnet (M) of adjustable field H. A coil (A) surrounding the sample emits a definite pre-adjusted 
radio-frequency (40-60 magacycles) from a transmitter, while another coil (B) picks up any radia- 
tion emitted. The latter is carried to a receiver and amplified and finally to a cathode-ray oscillo- 
graph or recorder. The field strength H is gradually increased and the radiation will be absorbed 
only when the eqn. VII.57 is satisfied for a given », i.e., when the nuclear energy-level spacing 
matches the quanta of radiation of given v. When this condition is reached, there is resonance 
between the two and absorption occurs. On further increase of the field-strength, there is no 
absorption until again a correspondence is reached. These absorptions are detected directly from 
the oscilloscope or recorder, as shown in Fig. VII.27, (a) for low and (b) for high resolution, for 


CH;CH;0H. 


To illustrate the application of the NMR spectra, the simple case of the re- 
sonance spectrum of ethyl alcohol may be taken. In this molecule, the nuclei of 
carbon and oxygen atoms have zero nuclear spin and will not produce any nuclear 
magnetic spectra. The NMR spectroscopy is thus concerned here with the protons 
in the hydrogen nuclei present having J = 3. Since such a proton (H) has only 
two nuclear magnetic energy levels i.e., one energy-level spacing, we should expect 
only one absorption peak in the resonance spectrum. But even at low resolution 
(Fig. VIL27) as many as three absorption peaks are actually obtained. This is 
due to the fact that the different hydrogen nuclei exist in the molecule in different 


CH3 


(low 
resolution) 


absorption 


(high 
resolution) 


field —* 
Fig. VII.27 NMR Spectrum for CH; CH,OH 


environments. The electrical atmosphere and surroundings of the *H-nuclei in 
CH,-group are not the same as those for !H-nuclei in CH,-group or in OH-group. 
The different nuclei are differently shielded by the orbital electrons and the shield- 
ing is also affected by the nature of chemical bonding. The result is that the actual 
field H4 experienced by a nucleus is not the same as the applied field H, and these 
two are related as 

Ha = H/(—8) 


mical shift, depends on the electron distribution around the 

nucleus i.e., on the chemical environment. — 

uc! It is thus obvious that the absorption in the NMR spectrum‘for H-nucleus 

would appear at a frequency which depends on the chemical environment. A 
and another in the OH-group of the alcohol have different 


roton in the CHs-group : : 
E oonmeit andthe actual field experienced by the two are different and hence 
absorption peaks will be different. Consequently, when the chemical environment 


is the same, i.e., the nuclei occur in same groups or radicals, the absorption peaks 


where 8, called che 
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should be identical. For this reason, the chemical shift (3) produced in the position 
of the spectral lines is usually expressed with reference to that of a standard sub- 
stance. 


Heampte — Hyer 
LIT x 108 
Href 


which is the difference in the magnetic field necessary for absorption compared 
to that necessary for some standard substance, say water. These absorption 
peaks can be used to identify functional groups containing the nuclei. The inten- 
sities of the three peaks in ethanol NMR-spectrum are in the ratio, 1:2 :3, 
evidently corresponding to OH, CH, and CH; groups in which proton numbers 
are in that ratio. 

When the resolution is high, the peaks give rise to fine structure. In this case, 
the peak for CH;-group produces four closely packed absorption lines, and CH,- 
group three. This is due to the interaction between the neighbouring nuclei. The 
CH;-group is adjacent to the CH,-group. Each proton in the CH;-group has two 
possible orientations and when coupled these would produce three possible com- 


ê= 


binations : 
i +t u -4 -}  -} 
i TA ds 
(both spins parallel) (opposed spins) (both spins antiparallel) 


Hence the actual field affecting the CH. “group will be slightly di i 

us posse aes of orientation of the adjoining GHeerour, Hee eee ES 

triplet in the fine structure of the CH,-abso tion i 

with intensities 1 : 2 : 1. ^ Muro BEAK the NMR-spectrum, 

Similarly CH;-group is affected by the possible oreintati 
otons in the CH. 1 lons of the three 

Pr tad S E 5 Se group. The three protons can have four Possible combinations 

3$ SEEMS M II E =a 
EE u.c b 
mU E HI ncs 

It is hence expected that CH 

intensities 1 :3 :3 : 1. 


t 


the electronic Spin 
- The result is that in 


— = 
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Problems 


aniline is 1.028. What will be its surface tension? Use parachor 


1. At 12°C, the density of 1 D t 
equivalents from the Table. Compare your estimate with the experimental value of 44.7 
[Ans : 46.8] 


dynes/em. 
2. Suggest possible structures for quinone, 
is 236.8. Which of the proposed structures wo! 


C,H,0;. The observed parachor value for quinone 
uld you accept? 7 


3. Given 


substance density ref : index 
acetone 0.7928 1.3620 
acetic acid 1.046 1.3715 


Calculate the molar refractions of the two compounds and compare with those obtained from 
the additivity rule. [Ans : (a) obs. 16.15, calc. 16.065 ; (b) obs. 13.303, calc. 12.972] 


alcohol, C,,H,,0 has the density and refractive index as np = 1.4745 and 


imar: 
AA DL double bonds in the molecule and if so, how many? [Ans : Two] 


d = 0.8893, find out if there are 
lectric constant and refractive index of a liquid (M = 112) at 25°C are 4.288 and 
y of the liquid is 1.108 gm/c.c. Calculate the values for its molar 
[Ans : 52.85 ; 21.6] 


5. The dic i 
1.348 respectively. The densit: 
polarisation and molar refraction. 
What will be the refractive index of an ideal mixture of benzene and toluene containing 
ach constituent by weight. The densities of benzene and toluene are 0.8790 and 0.8669 
se table of refraction equivalents]. 


6. 


50% of e: 
gm/c.c. respectively [u 


7. Given, for a liquid at 20°C, 


molar polarisation P4, — 58.5 c.c. 
refractive index n = 1.350 
density = 0.7136 gm/c.c. 


what is the dipole moment of the substance? [Ans: = 1.315] 


qu os 
8. The dipole moment of chlorobenzene is 1.55d. The bond distance C,H;—CIl is 2.8 A. 
Estimate the ionic character of the bond. [Ans : 11%) 


24 


370 PHYSICAL CHEMISTRY [ VIL25 


9. 6.15 gm of an organic substance (A) was dissolved in 100 c.c. of alcohol. A portion of this 
solution in a 5-cm polarimeter tube gave a rotation of —1.2°. What is the specific rotation of A? 
What will be the rotation if this solution is diluted to twice its volume and the rotation is observed 


in a 50-cm tube? [Ans : (a) —39°, (b) —6*] 
7.6X 1075 ergs. Calculate the 


[Ans : 1.13 A 
11. The moment of inertia of a NO molecule is 16.5 x 10-4 gm-cm*. What will be the energy 
at the first rotational level (j = 1)? [Ans : Ej, = 6.7 x 10-16 ergs] 


12. When light (A = 4200 A) was passed through a vapour of 10 cm layer, 80% was 
absorbed. Calculate the absorption and extinction coefficient. 


10. The microwave spectra of CO molecule gave 2/2/82] = 
bond-length. 


[ Ans : 9.69 x 10-? cm-1 ; 22.32 x 10-3 cm™] 
13. Two isomeric compounds A and B of formula C,H, are both reduced to n-pentane on 
hydrogenation. U-V spectra showed : Amax for A = 176 mp, À 


has Àmax = 178mp. What would you infer from these? Can y 
isomers? 


max for B — 21 Imp. l-pentane 
ou suggest structures for the two 


14. How many NMR signals do you expect in the following : 
(a) dimethyl ether (6) diethy! ether (c) acetone (d) benzene (e) toluene (f) ethyl benzene, 


CHAPTER VIII 


CHEMICAL STATISTICS 


We have seen in chapter IV that in classical thermodynamics, the properties of a 
macroscopic system are defined in terms of variables upon which it depends. The 
temperature, pressure, energy etc. are taken as functions of state. In the develop- 
ment of thermodynamic relations, it is not necessary to take into account the 
constitution of the material system, i.e., atomic theory is ignored. Thermodyna- 
mics does not concern itself about the nature, structure or the energy-states of 
the microscopic constituents of the system nor does it explain as to how the ob- 
served macroscopic properties of the system arise out of the proprties of the 
microscopic parts. 

A. new approach, namely, that of statistical thermodynamics has since been 
made to calculate the macroscopic properties from suitable summation of the 
microscopic properties. In this procedure, the matter is pictured as composed of 
innumerable particles in motion. This motion of the particles is governed by the 
laws of dynamics and, in fact, subject to quantum mechanical principles. Even 
in the smallest system taken the number of particles is so large that it is impossible 
to follow the behaviour of every individual particle. Statistical methods are utilised 
to find out the properties of the system, particularly to ascertain what fraction 
of the molecules has a given energy. It is possible to establish that the thermodyna- 
mic laws are the necessary consequence of the quantum principles when statistical 
postulates are used. In this chapter attempt is being made to indicate the elementary 
principles involved in the statistical applications. 


VIII.1. Thermodynamic Probability. Let us take a system of volume V containing 
n identical and distinguishable particles ; n of course is very large. Let E be the total 
energy of the system whose temperature is T. All the particles will not have the 
same energy. Suppose 7, particles are in energy-lcvel e, n, particles are in energy- 
level e, 7; particles in energy-level es, and so on. 
The total energy of the system, 
E = ngeg + rye + 7563 +... nia +... = Enie 
We also know, 
n= n +m +n +- . -ni t.. = Xni 
As the occupation numbers, 75, Ms, Ma ... etc. in different energy-levels 
change, the distribution also changes. There are obviously various ways of distri- 
bution. What will be the total number of possible distributions? This is similar 
to the arrangement of n boys in p-classes, so that.one class has m9 boys, another 
n, boys, and so on. This number is given by 
n! n! 
D No! My! Mg!...Mpt Um! 


The number of possible distribution of the 7 molecules in different energy- 


levels is 
n! 


D +«. (A) 


‘P thus indicates the total number of possible complexions or microstates for a 
given combination and it has been called the “thermodynamic probability"* 


InP = Inn! — jinn! + Inn! + Inn! t... inn! ..] 
= Inn! — Zinn! 


* The thrmodynamic probability P is proportional to the mathematical probability 


wW ( = un secat ) where C" is the total number of possible cases. 
d^ 
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Since n, as also n, are very large, we can apply Stirling's theorem, 
Inx! = xInx—x 
We can then write, 
InP = ninn—n—[n, Inn,—m+n, In Hg—ng ...] 
Or InP = ninn-Zni Inni-n-X n 


nin n-X n In n. (since n = Z n) +». (B) 


i2 Most-Probable Distribution (Boltzmann), We can now attempt to find 
y ae Hat probable distribution. This will be achieved when the system attains 
equilibrium. When equilibrium is attained, i.e., at equilibrium distribution the 
thermodynamic probability will be maximum. That is, at equilibrium, the magni- 
tude of P, and therefore of In P, will be maximum. Hence a 


t eqm., dinP =Q. 
From equation (B) at equilibrium 8 
din P = d(n In n) — Q(Zn, In m) — 0. 


i.e. dÈ m lnn) = 0 

or Z In m dn + È dn = 0 

Since Zn =n= constant, X dn = 0, 
2 In m dm = 0 


i . (©) 
We must remember that for the 


n c given system the total energy E and the total 
number of particles n remain constant, i.e., 


n —Zm; or dn — ZXdn —0 


- ++ (D) 
E=ime or dE = X edm = 0 .. (B) 
Multiplying equations (D) and (E) by- undetermined arbitrary multipliers 
a and f respectively and adding equation (C), we have 
2 In n dn + oXdn + B Zedn, =0 
or [2 In n + o +B Se] dn, — 0. 


Since a and B are independent, the restraining conditions are Temoved, and 
dni + 0, this relation will be true for any energy-level or cell ; hence 


nn +a 4- Be — 0 


or Tu = e^t e-By + (VIILI) 
This is the expression for the number of particles in each fs 
being unknown arbitrary constants, pny ihre: 8 
n = Xn, = eX e-pa ++. (VIIL2) 
_ neba 
Or m = Seg +++ (VIIL3) 


This is known as the Boltzmann Distribution Law, It i 
T the fraction of total number of molecules which at eqm. coded Probi re 
would ppurss [EUM bob > 

It wou use; o introduce a new factor at this poi ; 
or.energy-level i, all the particles may have Pont. In a given cell 
may be arrayed in different ways for the differ 
bility of different ways of array in a state, t 
If there be g; number of possible distributi nergy-level i, 
then the state is said to be "gr-degenerate", where £t is called the statistical 
weight factor. To illustrate : suppose a cell Contains 100 molecules, all of them 
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having velocity C = 4/51, i.e., C* —51. Butthe velocity components of the di 
molecules may be different as follows : E cditereni 
(C? = Cł+C}+C?, where Cz, Cy, Cz are the components in three direc- 


tions). 

Cz Cy Cz C3 
10 molecules may have 7 1 1 51 
15 » » 2» 1 1 7 51 
20 » » » 1 7 1 51 
15 ” LI 3 5 5 1 51 
20 » » É 5 1 5 51 
20 » » » 1 5 5 51 


That is, six complexions are possible though the energy-level is the same. 
The state is then six-fold-degenerate ; statistical weight factor, 6. 
We can then write equation (VIII.1) and (VII.2), as 


m = e gei 


and n = e-?X g,e-Pu 

m pre-B ... (VIILA) 
and Gd sy ete 

n Lge Fi 


VIII.3. Partition Function. The denominator © e-*« in the expression of equati 
(VIIL3) is a sum of the factor e-*« over all the energy-levels. TA is called m parti: 
tion function (or (Zustandssumme) and is denoted by f. 
f = Zei, 
where f is called the modulus of distribution. 
The Boltzmann law may then be written as 


n 
u aco . . . (VIIL5) 
ie., In m = Inn—Inf — Be ... (VIIL6) 


We may now proceed to evaluate B. We have seen that both entropy and 
probability attain their maximum values when equilibrium is reached. The rela- 
tion between entropy (S) and probability (W) is 

S —kInW  (k, Boltzmann constant) ... (IV.51) 

Since W is proportional to the thermodynamic probability (P), we have 

Sede kInP, where Bis a constant.* 
substituting equations (B) and (VIILó) 


S—B _pymn—Sminn 


ll 


k 

=nknn—Xn[Inn — Inf — Be) 

= nlnn — InnXn + Inf. Xn + PE me 

—ninn—ninn--ninf + BE [^ Enea = E] 
or S- —ninf + BE :.. (VIIL7) 
That is, S—B-nklnf + kBE 
; NW dS\ _ nk df (dB dg 
Differentiating, T), F dg), t E KE i). 

dj E 

Since f-Eew, d uec ES eor 


® The constant B has subsequently been taken as zero. (Planck). 
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dS nk (2 dB ki kE (E 
(a5 m xfi 3) (a), + i dE 
dS 
a =k 
or ( dE v B 
When the energy is purely the internal energy, i.e., E — U, then 
d$| — 
(45), = # 
But, from the First and Second Laws, dU + pdv = dQ = TdS, 
aqS\ _ 1 
or dU), ^ T 
1 1 
Hence kB =p orp= ET - . . (VIIL8) 
* € 
We may then write the partition function, V Ze - « . (VIIL9) 
n oa 
and m = afi Ce erR - + . (VIIE10) 
If the degeneracy of the states are considered, we would have, 
f= gem 
áü 4 > ++ (VIIE11) 
n = YO £i KT 


Qualitatively speaking, the partition function indicates how i 
are distributed among the various energy states. It is a measure te eae 
energy-levels. P 


VIIL.4. Partition Function and Thermodynamic Functions It is possible to util; 
iti i istributi uet o utilise 

the partition function and the distribution law to evaluate vai ae 

functions. Tous thermodynamic 


(i) Internal Energy, U. The internal energy (U) of a system of 


(in excess of that at the absolute Zero) is given by equation (VIII, 10). ro 
U = Zen = Xe (=. e 
or i= 7 bier 2. (P) 
| X qu : 
But S= e i hence 77, = pee kr 
or Eee = kT? T 


Substituting in eqn. (F) above, the internal energy, 


A yoe- i _ nkT? d dinf 
prm un +++ (VIIL12) 
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Fora gm-mole, U = NT? E ; where No = Avogadro number. 
| dinf 
The average energy of each molecule, €e = kT? "dT .. . (VIIL13) 


(ii) Entropy, S. From equation (VIIL7) assuming the constant B = 0 
(Planck’s arbitrary assumption), we have 


S = nk In f + kBU 
Since B= E: we have S —nkinf + f .. (VIILI4) 


¢ Subsituting U by equation (VIII.12) 


4 dinf 
S — nk In f + nkT dT 
(iii) Free Energy, F. We know free energy is defined as F = U — TS. 


Since U and S can be expressed in terms of partition function f, using equation 
(VIII.14), 


.. s (VILIS) 


M U 
F= u—T| king + z] 
z F=—nkTinf .. . (VIIL16) 


(iv) Pressure, P. The free-energy change is given by 
AF = — PAV+SAT 


s r= - (sr) - 5). (37), 
Since F — —nkT Inf, (5), - 
P= mr (2p Lor (254 i < =. (VIIEIT) 
(y) Gibb’s Potential, G. Since G = F-EPV, we can write 
= —nkT Inf + nkT ( S ur 
pi DUM a= mT | ms- (295). | 22. (VIILIS) 
ED ae Gain heat content, H = U+PV. Substituting with 
; pra ner AL y ner (Si) v 
o 


LN dU 
(vii) Heat Capacity, C,. By definition, C, = (= 2 


d (T?dlnf 
Hence C, = mr ) - . . (VIIL.20) 


viIL5. Molar Partition Function. So far we have considered Systéms in which 
there were n individual distinguishable particles distributed in different energy- 
levels and f denoted the molecular partition function. But we have to deal with 
large-scale systems. in which quantities are taken in gm-moles. 
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ke a system which may be supposed to be constituted of large 
UE of ENS ones Sach with a nre. of the substance. That is, the indi- 
vidual unit here is not the molecule but a mole. Let the energy-levels allowed for 
the whole system be E,, E;,. .. E: ..., and let there be x such systems in all. In 
each of these there are, of course, Ny, Avogadro number of molecules. Then, 
the average energy E, of such a unit is 


EDR2SS 
iB Xx 


Ej 
If Z be the partition function of these systems, then Z = Xe^kT 


Now, following the procedure as in the previous section (equation VIII.13), 


era eue ... (VIIL2I) 


where we designate Z as the molar partition function. 


But we know, (eqn. VIIL12) the energy of a gm-mole, [for convenience of 
writing, Avogadro number No is written as N], 


e dif] _ af dinfN 
E= wir*[ ar kn | EP ] 
This leads, on comparison, to the result, Z = f N, 


The thermodynamic functions may then be written, as, 


@ S= wer OL pr 


= KD 
(b F = — NkT Inf = —kTInz + +» (VIIL22) 
© G = — ner [nr (Ang ad 


Il 


-T| mz (57), | 


These relations would be true for systems where the molecules are all distinguish- 
able and can occupy energy-levels without any restriction. Thu 


i S, these expressions 
would be valid, say, in the case of a crystal where the different atoms occu) 
localised positions in the structure, By fixed 
But in the case of indistinguishable particles, there would be some di 
We miy proceed to consider it in the following fashion. difference. 
uppose there are two distinguishable particles (a, b) which may be in three 
possible energy-levels (€1, €a, ej). Then the energy of the syste: i i 
to the following nine distributions, ystem may give rise 


(i) E, = a(@)+e(b) (iv) E = e(a)--e(b) 
(ii) Ey = ©,(a)+e,(b) 6) E, = e(a)te(b) (viii) E, = €(5)--«(a) 
(iii) E, = e(a)+e(6) (i) E, = e(a)--«(b) &) E, = atala) 
Then, Z —e?alkT + e ?eslkT + e726 s/kT zE 2e-ualkT, e-talkT 


(vii) E, = €:(6)-+¢,(a) 


4 2e-elkT e-eslkT 4- Je-eslkT e-eslkT 


= [eek + e-tslkT + e-nlkT]a = [Ze-dkr]2 =f? 


"Lu 
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Now if the system contains N molecules (1 mole), then 
Z= [Ze IkT] = Deter tea teccg teen kT 
= Xe-alkT e-calkT,, g-eNIkT 


(since each of these have N possible energy-levels), 


di Z = (Ze-kT)N = fN . . . (VIIL23) 


This is the result obtained earlier. 

But if we presume the molecules to be indistinguishable, as in the case of a 
perfect gas, the relation above requires modification, for we have taken too many 
possible arrangements of the particles. In the case cited above, the state (iv) will be 
the same as (vii), when ‘a’ and ‘b’ are indentical. So the number of distribution 
would be much less. The N-particles in a gm-mole are all indistinguishable and 
these had N ! permutations among themselves in as many energy levels. We 
should therefore reduce the expression for Z by dividing the same with N !. Hence, 
for indistinguishable particles (a perfect gas), the molar partition function, Z in 
eqn, VIII.22 should be replaced by Z/N! 

It is obvious that for systems of real gases, liquids, etc. such rigid relations 


will not be valid. For a perfect gas, the thermodynamic functions shall be, [see 


equation VIII.22] 
Z EIA 

(à) S=kIn (5) +k 5 (ni) 

E kinZ + era rZ — k In N! 

Zz 
(b F= —kT In Xi = —kT In Z+KkT In N! 
! ... (VIIL24) 

= -kT In Z-NKT In N—NKT 

=—RT[ In £ +1] 
() G =F+PV = FERT = -RTh f, 


VIIL.6. The Third Law. It is now possible to make a statistical formulation of the 
Third Law. We have seen in section IX.5, 


7 
Sr—So = f Gar 
0 


T 

; G 

At very low temperatures, S7—So = f E d (^ CPC.) 
ô 


Substituting partition function expession for Cy, 


T 
Spas =| Ae 


inta 


oT 
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T 
dinZ j din 
(LE) +k (a aT 
y 0 y. 


d z + k In (Z)r—k In (Z) 


Equating the temperature-independent terms, we find 
So = k In (Z) = k In (f)o = R In (f ), = R In (goe?) = R In Zo 


where gy is the statistical weight factor of the lowest energy state. In a perfect 
crystal at 0°Ķ, there is only one arrangement, which means Zo = 1; hence the 
entropy S, = 0, which is the Third Law. 


VIII.7. Partition Function for Molecules with Different Types of Energy. It is a 
fact that most often the molecules are associated with energy of different types. 
In expressing the partition function, all the types of energy have to be considered. 
Take a system containing N molecules (all of the same kind), all possessing different 
kinds of energy, say, translational, vibrational, rotational etc. Let the different 
types of energy be labelled a, B, y, . . . etc. 


The allowed energy-levels of the a-type are ea,, €a,, CI NO 


for B-type are es,, €p,» 
The respective Boltzmann distributions will be 


€s,---, and so on. 
N N 
Ne a e—a, IKT, Ne E e-«lkT, 


where fa, fa ... etc., are the partition functions appropriate to a, B, 
energy. 


++. types of 
The total energy (E) of the system is 


E= Zea. Np + Eep NP + Xe, Ny +... 


a 
= NAT? J- Inf, + NET? 2. ] f, + er 2 in p ind 


= NKT* n (f, fo fs...) 


If f is the net molecular partition function, when every molecule is capable 
of freely taking any number of types of energy, we may write, 


ð 
E = NkT? sr" f. 


Comparing, f= fo faf 


i.e., the net partition function is the product of the sep. 
in respect of different types of energy associated with the 


* - . (VIIL25) 


arate partition functions 
molecules, 


VIII. Partition Function for Translational Energy. 
is also quantised, though the difference in the energy-le 
only way in which a particle would exhibit periodicity i 
in relation to its SEDENS on the walls of the container. 
of length /, a molecule is moving parallel to x-axis and repeats it i 

time it completes a path 2/. Then 2] = nh, where n is TUA and dn 
wavelength associated with the matter-wave. The translational energy (ez) Aba 


The translational energy 


vels are quite small. The 
n translational Motion is 
Suppose in a Cubical box 


the x-axis is given by, 


€z = mcz? = Ay 


2m (p, the momentum) 
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or see hy i 
mla (using de-Broglie relation) 
M 1 hn\? _ nh 
2m x) = gmi? 


The molecular partition function due to translation in x-direction, 
, 


-elkT =n2h2/[8ml3 
ee Ses kia 


fe = Xe 
Since energy levels are very close, we may assume continuity, so that 


e CEA 
fz = "OKT dn 


0 


n*h? 2 
Put &mBET 7 a*, sothat dn — I ( smer )*aa 
+ x 
Hence z= Cr f ea da 
0 
* GmEDII m . (2zmkT)M 
^ V i i (app. 1.3) 


When we consider the M motion in all the thre 
e di 
molecular partition function for translation would be rection i 


J= f QamkT 82 18 — (2umkTy'?y 
=fi= B = D .. . (VIIL26) 
f a perfect monatomic gas, the molar partition function, 


fs o gm 


In the case o 


NP 
E (£y [eemper J [ Stirling's N! = ("] 
n [em] = - (VIIE27) 


TT ia 
Q "P Ve . . . (VIIL.28) 


or MZ=Nin 


a monatomic gas may be obtained directly now, 


(i) The internal energy p 
energies are absent.* 


as the vibrational and rotational 
3 


ding — were td a RT? (3-7 = SRT 


gas or vapour can also be evaluated. 


Ui an 
(ii) The entropy a the monatomic 


U 
s= PA 


QamkTy 2 Ve ; T 
= PRGONkIn RW — (neglecting statistical weight factor) 


(2ymk T? yes? 


Ri as . (VIIL.29) 


A 


pe 9 Inf 


* From eqn. VIIL26, [n f = jc ed a Ti? or e. 2 S 
TOER 
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Brombeant VIO) MESES zm + Nhy.e-hslkr (eatin ye 
U = & NKT +4 Nhv 4 ET .. . (VIIL38) 
(ii) Heat Capacity, Cy 
ee (F , T ENE + Nk (Fe RTT .. . (VIIL39) 


(ii) Entropy, S [from equations (VIII.31, 34, 36)] and using S = klin Z, 


S = Rin EU Saad EPRIRT-4-8RInM—RInP 


+ MEY (etter y — Nk In (1 Le th), .. . (VIILA0) 


VIII.11. Heat Capacity of Solids. We can also employ partition functions in the - 
evaluation of heat-capacity of solids, as Proposed by Debye. Debye suggested 
(see also Sec. IIL.16) that the atoms were vibrating with a Spectrum of modes of 
vibration ranging from v, (ground state) to Ym, Some maximum frequency. The 
range is large enough to assume Yo to be practically zero. The modes of vibration 
are limited in number. 


We have seen in (eqn. III.9) that the modes of vibration for a radiation between 


v and v+ Av in volume V is given by, dn — Y dy, 

Applying the same considerations to crystals and remembering that in this 
case, there would be three possible directions of propagation—two transverse and 
one longitudinal—we may write, 


dn — Dr v*dy, 
Where C is the average velocity of elastic waves in the crystal. 
The total modes of vibration in the crystal is 3N. Hence, 


"m 1277 
Í =y vdy = 3N 
0 (e 


or Vm? = 3 Nc: 


Aci Sp. ni (a) 
ARS Ni 
[e BUT) 


We may therefore write, = 3N 9N 
$0) = 127. don RA EE (B) 
Again, the atomic partition function (vibrational) is 
f = e~ihvikT ( —echikryt 


or Inf 


ll 


h 
—4 ET — In (1 —e-imikry 
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The partition function of the whole crystal may be obtained by attaching to 
each frequency the partition function of the single oscillation, i.e., 


Vm 
NiInf= | 4) [ -My/KT — In (1—e- hk) Jv 
0 


Vm 
s ow f [ —4Av/kT—In (1 —e-IkT)]y?dy 
m 


o / 
UNA 3N Vm h erik 
hy, : 
-——3 Te —3N In (1—e-*IkT) +- TEM Ie miki dv 
At sufficiently low temperature, the second term is very small and negligible. 
2 hy» 
Putting EDU x, we find, 


_ _9 Nhvm ee ris 
Ninf=— 3 xr +3n (5) jz dx 

9 Nhym kT \3 q^ 

= -3 E30.) 
Now, substituting this in equation (VIII.12), the energy is 

94 3x4 k \3 
Ei 8 Nhym nr en NE (-) T^ 
Therefore, the heat-capacity would be, 


aE bye: k 4? 
eye Sho M (a) n ... (VIIL41) 


This is Debye's specific-heat relation at low temperatures. Expressing 
P — 6p, the equation may be writen as 


1274 T? | 464.6 
O E a ER 
It is the same relation as obtained in (1.14). 


T 


m Statistics. We have so far attempted to predict the behaviour 

Mon eet systems from the Boltzmann statistics, also often called the 
‘classical’ statistics. The classical statistics apply to crystalline solids fairly well. 
At low densities of gases, the Boltzmann distribution law is satisfactory, but when 
the density is high, the classical statistics shows little agreement with experimental 
facts. To illustrate, the energy of a photon is proportional to its frequency. From 
classical statistics we have the energy distribution, which gives us the distribution 
f frequency. As the frequency increases, according to classical statistics, there 
would be a continuous increase in the no. of photons per unit range of frequency. 
But we know that there is a maximum in the actual distribution. In the same way, 
the classical statistics failed also to explain the behaviour of ‘electron-gas’ in the 
conductors. These anomalies led to the formulation of quantum statistics developed 
in two ways for different systems—(i) Bose-Einstein statistics and (ii) Fermi-Dirac 
statistics. It will be seen later that the Boltzmann distribution law follows from 
either the B-E statistics or the F-D statistics, provided the density of the material 
ively low. For real gases, at ordinary pressures, corrections with any 


i arati i Des 
Seni statistics are quite small and Boltzmann statistics would be appropriate 


Cee Bose-Einstein Statistics. In classical | distribution the particles are labelled, ie., 
distinguished from one another. If two particles interchange their positions (or energy states), 
a new complexion would occur. But in Bose-Einstein statistics, we start with identical particles 
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which are indistinguishable. Thus, the interchange of two particles between two- energy:states 
will not give rise to a new complexion or macrostate. l -—— 

On the assumption and following the procedure adopted in Boltzmann statistics, it can be 
shown, the actual number in which zi; particles may be allocated in p; states is given by 


(m+pi—1) (nmi+pi—1)! 
AM saan P= LIU st Sa Ad 
MG=DI2 a mG! 
pi 
` giang M eae 


This is Bose-Einstein Distribution Law. 


VIII.14. The Fermi-Dirac Statistics. In the Boltzmann or in the Bose-Einstein statistics, there 
was no restriction as to the number of particles present in any energy-state. But in applying the 
distribution law to particles, like electrons, the Pauli Exclusion principle is invoked. That is, 
two particles in an atom cannot have the same energy-state. It means that not more than one 
particle can be assigned to a particular encrgy-state. 

Let there be m, particles of energy e; in which there are p; energy-states. Remembering 
that all particles are identical and that one state can have only one particle, the number of ways nj 
particles can be distributed amongst p; states in that group is given by, 


ni! 
n! (pn)! 
1 
The thermodynamic probability will be, P = II Bie 


ni 1(pi—ni) ! 
taking into consideration all the groups in the macroscopic state, 


whence ees 
i eo eRe + 1 
which is the Fermi-Dirac Distribution Law. 


When a or e; is large, both the Bose-Einstein or the Fermi-Dirac distributions are rendered 
into 
m = py e^? e-Pq 


which is the same as the Boltzmann distribution (eqn. VIII.4), 


Reference for further reading 
1. Thermodynamics and statistical mechanics—ASTON and Fritz 
2. Introduction to statistical mechanics : RUSHBROOKE 
3. Statistical mechanics : MAYER & MAYER 


Exercise - 
1. Using partition function, show that for a monatomic gas, 
vedere den E = 3/2 NKT, p = NKTJV. 
+ Explain clearly the terms ‘molecular’ and ‘molar’ Partition functi 
$ unctions. 

constant of a reaction can be calculated from a knowledge of the Sid Me X megam: 
reacting species. ons 0) S 

3. Compute the translational entropy of a mol 
of M and T from partition function. Evaluate the ex 

4. Calculate the value of the classical rotati 


at 20°C. The internuclear distance, 


le of à monatomic gas at 1 atm as a function 
Pression for argon at 27°C (M = 40), 

tional Partition function for carbon monoxide 
r = 1.1282 A ; the atomic masses aj 


a re C = 12.00390, O = 
t ,.. 12.003904-16.00000 1 
[Hint : I = pr’ = — 280090 — X SKIPE X 1.12822 x 19-18 
= 14.49 x 10-** g-cm?/molecule, 
8sz*IkT 
f= EET 
ru - [Ans. 7.11940] 


5. Discuss the attempts which have been made to account 


len quantitatively for the variation of 
atomic heat of solids with temperature. 


^w OF EDUG ` 
ME Y AT, 10y 47; 


cores E (REC: ofl Extension A 
£ = 
THE CHEMICAL EQUILIBRI d Ses g 


IX.1. Equilibrium. It is common knowledge that many reactions do not g 
completion even if favourable external conditions are maintained. -The reactions 


, proceed to some extent and then they come to a stop. A portion of the reactants, 


sometimes a considerable portion, remain unaltered in the system. For example, 
in the reaction, 
Ha +1, = 2Hl, 


if some hydrogen and iodine vapour be kept at a constant temperature in a closed 
vessel, only a portion of these will be converted into hydrogen iodide, and then 
the reaction would stop. A mixture of hydrogen iodide, iodine and hydrogen will 
remain in the vessel for unlimited time, temperature being kept constant. On the 
other hand, if at the same temperature, some hydrogen iodide be taken in a closed 
vessel, a fraction will decompose into hydrogen and iodine and the rest of hydrogen 
iodide will remain intact. The proportions of hydrogen, iodine and hydrogen 
iodide in the mixture will be the same in both the experiments. When such a stage 
is reached in the course of a reaction that no further action is apparent, it is said 
to have attained equilibrium at that temperature. It is obvious that the reaction 
can proceed either way and the composition of the system at eqm. is fixed. The 
cessation of chemical reaction is however only apparent. In fact, when equlibrium 
is attained, the reactions proceed in both directions at equal rates, so that the 
amount of reactants disappearing per unit time is reproduced from the action in 
opposite direction. The equilibrium is thus really a dynamic one, not static. The 
reactions proceeding in both directions are called “reversible reactions". Yt is very 
likely that all chemical reactions are reversible. But in some cases, the extent of 
opposite reaction 1S so small as to be negligible and such reactions are said to 
roceed to completion in one direction. In such cases, really the point of equili- 
brium is attained at an extreme end of the concentrations of the resultants, the 
concentration of unreacted materials being extremely small to be detected. 


IX.2. The Law of Mass Action. There is another aspect of the chemical reactions 
which attracted the interest of the chemists from very early days. This is about 
the causes as to why two substances react and undergo a chemical change. Even 
in the eighteenth century, it was only empirically stated that chemical action 
resulted from an affinity between the reacting substances. But no precise meaning 
of affinity was clearly conceived. In 1777, Wenzel from an investigation of the 
action of acids on metals concluded that the rate of dissolution of metals, which 
is a measure of affinity of the process, 1s proportional to the amount of acid present 
in a given volume. In 1799, Berthollet explained the formation of huge deposits 
of sodium carbonate in some Egyptian lakes due to the reaction, 2NaCl-+CaCO,—> 
Na,CO;--CaCl,. But in the laboratory, the reaction proceeds exactly in the oppo- 
site way. Calcium carbonate is precipitated from addition of calcium chloride 
to sodium carbonate. Berthollet suggested that the opposite process of formation 
of sodium carbonate was possible due to the very heavy concentration of sodium 
chloride there. Berthollet thus not only introduced the idea of Teversibility in 
chemical processes, but also pointed out therole the concentration might play 
in directing the course of a reaction. Berthollet however made an error in sugges- 
ting further that the composition of the resultant compound would also be affected 
by the amount of the reactant present. This was contrary to the law of constant 

roportion which was also simultaneously firmly established. As a result, Berthol- 
let's ideas were wholly rejected and for a long time there had been very little de 
gress. In 1850, Wilhelmy investigated the rates of inversion of sugars and found 
that these rates are directly related to the amounts of sugar present per unit volume 
In 1862, Berthelot and St. Gilles studied the formation of ester from ethyl alcoh ol 


25 


p 
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iviti i its as a = yy.N, or a = f.C, where 
ies are related to concentration units as a = yy.N, - 7 ; 
PEE the activity coefficients and N and C are the concentrations in mole 
futon and molarity basis respectively at equilibrium. 
Substituting these in equation (IX.3) we get, 


d Xy IESU. 
ü NEXNEX NEX... [Bo Etna Yir one 2L. XA) 
D — N3xNbxNEx.. Via XVN o XYRX s 
d e f d e : ie ea 
(i E Oh ish SES S) 
CIXCEXCEX -.. fIXJE XIEX ... 


In ideal systems, the activity coefficients are equal to unity. For practical 
purposes in approximate valuations, dilute solutions or gas-mixtures are supposed 
to behave almost ideally. In such circumstances, equation (1X.5) may be written as, 

GAXGexGEx E 
= = Ke (sa s. (X6 
C4XCbxCEx... — Ke = Ke (say) i (IX.6) 

This relation is the same as derived in (1X.2) ; Kc is the equilibrium constant 
expressed in terms of molar units of concentration of the components where the 
system behaves almost ideally. Thus we se 


e, the expression for eqm. constant is 
a consequence of the laws of thermodynamics, independent of the rates of opposite 
reactions. 


Gaseous reactions. In a gaseous reaction, components are usually expressed 
in terms of their partial pressures instead of molarities, If the gases are supposed 
to behave ideally, we have the activities equal to the f ugacities. Further, the fuga- 


Cities may be replaced by the partial pressures of the components, such as P4, 
Pp, . Pp, Pg. . etc. 


Then the total pressure, 


P = PA PRE es Pp PE re. 
The equilibrium constant, Ka, is given by, 


GAGE oe. 
Ka = 2 FS 
d4XagX... 
Then, in terms of fugacities, 
EEKE 
SES 


So, in terms of pressure the equilibrium constant, called Kp, is given by 
s di apes e 


C PiXPix.. "upon 
Again, assuming ideality, we can express pressures as 
Pa = CART, Pa = CRT, etc. Hence, 
— (CoRT)4 x (Cg RT x ... 
P7 (GaRT)* x (CERIA 
Gao GS» Fin 
E CixCibx... X (RTy'*e. SiO Orie 
or, Kp = Ke (RT) 4" 2s. (1X8) 


in which Av = no. of resultant molecules — no. of reactant molecules. It is a 
relation between the equilibrium constants deriv 


; : ed from partial pressure units 
and from molar concentration units of components, 
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We can also write the partial pressure in terms of mol-fractions (N), so that 
Pa = NaP, Pg = NP, etc. (N), so tha 


Then, 
Kp = (Np.P)# x (Ng.P)* x ... 
P = (NaP) x (Ng.P)? X... 
d e 
zx N5XN£EX >*t püee-a-b.e) 
N2XN$X-... 
or Kp = Kw.P^* ttre AXO) 


A special feature regarding these equilibrium constants should be mentioned 
here. At any given temperature, the value of Kp or Kc is independent of pressure 
and does not change either with total pressure or partial pressure variations. 
But this is not true of Ky. For, 


1 
Kn — Kp. par 


The relation involves the total pressure P, so the magnitude of Ky would vary 
with the pressure except when Av = 0. 

It is a common convention to write the equilibrium constant with the concen- 
trations (or activities) of the resultants in the numerator and those of the reactants 
in the denominator. To illustrate, 


() COr+H; = CO+H,O; Kp = fco XPmo 
Pcos Pre 
() CO+H:O  COs+Ha; Kp = Peor Pm 
Pco XPu20 
1 
Hence, [OE t =z 


Teverse process 


1X.4. Equilibrium Constants of Some Typical Reactions 
GASEOUS SYSTEMS 


In the study of equilibria, gas reactions are broadly classified into two groups : 
(i) First type gas reactions in which total number of reactant molecules and of 
resultant molecules are the same, ie, Av = 0, eg. 2HI = H, +h 


(ii) Second type gas reactions in which the number of moleculs of reactants differ 
from that of the resultants, i.e., Av # 0 ; e.g., PCl; = PCl +Cla 

(a) Synthesis of nitric oxide : N3--Os = 2NO. 

Suppose initially we start with equimolecular proportion of Nitrogen and 
Oxygen and if a gm-moles out of each gm-mole react to form nitric oxide at equili- 
brium, then their relative amounts would be 


Ns Os NO Total 
Moles : 1—c 1—« 2a =, 
1—a 1—a 2a 
Partial Pressures : =a ig — P z 3 D 
: 1—e 1—a 2a 2 
Concentrations : y Y Y =~ 
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where V is the volume of the system at eqm. when 1 mole of each of the reactants 
was originally taken and total pressure is P. Then 


2a 2 
nj (F? ) 4a? 
io EANO E 4 
ST BERG Een) G25) 
E 2 
GR X (a/y)? 4a? 


and Kç = 


C, + Co, (E ~ (=a 


Thus, Kp and Ke are the same, and are independent of pressure or volume. This 
is true of all 1st type gas reactions. 


When a is small, 4o? e Kp or a =} KÈ. 
The extent of the reaction at eqm. can be obtained from Kp. 


(b) Water gas reaction : H, + CO, = H,O + CO. 


This is also a 1st type gas reaction. Starting with equimolecular mixture of 
the reactants, we have, when x is the extent of H, used up at eqm. 


H, CO, H,O co Total 

Moles at egm. : 1—x 1—x x x = 2 

: I—x 1—x x x 
Partial Pressures : ——P — = PUE p 

SER 2 2 55 2 E 2 

a 
=p 
Kp = PmoXPco — 12 x 
P— Pa,xPooy I=x y (=x)? 
aoa P 


x is independent of Pressure. 


At 1260°K and 1 atmosphere, the eam. composition of this Teaction is CO, = 21.4, 
H; = 22.9 and CO = 27.8 (moles per cent), 


Puo XPco (27.8)2 
H Kp = — Oo y Nh = 1, 
ee "T PoxXPg, ^ Qi4jxQs 7 58 
. _ Itis often difficult to estimate x directly in this System, and an indirect method 
is employed. The 


eqm. constant is computed from the known values of eqm. 
constants of other reactions. Consider two other equilibria : 


P2 
(i) 2CO, = 2C0+0, ; K, = -Což Pos 


2 
(I) 2H,+0, = 2H,0; pit d mo 


Pco xP, 2 
So, KR a ea 2 


Ha X Pco, 
Since K, and K, can both be separately determined, Kp is known. 


(c) We may now consider some 2nd type gas reactions. such as the dissocia- 
tion of phosphorus pentachloride : 


POlj = PC, + GL 


Let us start with a gm-mole of PCI 5 and suppose the degree of dissociation is a 
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at equilibrium. Then, the relative amounts of the components and their pressures 


would be : 
PCl; PCl, Cl Total 
Moles 1—« G z =A he 
Partial pressures Lap =P. SUP 

ERES I+a lFa l+e į 

x 1—a a a l+a 
trations = 
Concentratio: V y y y 


V, the volume of the system. 


a a 
Pecis X Pct (xn) (iz) TEE. 


Hence, Kp — PIS nm Da 
1+a 
aa 
_ Cecs X Cols _ VV a? 
| and Kc = Ce = Ta = d-3r 
y 


| Since the numbers of molecules of reactants and resultants are unequal, 
Kp # Kc. At any given temperature Kp remains constant, hence with increase 
of pressure P, a will diminish. That is, the extent of dissociation will decrease 
with pressure. y : X 
(d) Synthesis of ammonia : N.+3H, = 2NH; a 

| This is a reaction in which the number of molecules of resultants is less than 
} that of the reactants. Suppose we start with a mixture of N, and Hy in 1 : 3 ratio 
in moles and let the extent of chemical transformation at equilibrium be x per 


mole of nitrogen. Then 


Na H, NH; Total 
Initial moles — 1 3 0 EE, 
Moles at equilibrium 1—x 3—3x 2x BUT 
T je 3—3x 2x 
Partial pressures aad. ncm e iph 
€ 
2x 2 
E E n 
So, Kp — p olay 1-x p ay 
| 4—2x ] Dex 
| pie 4x%(4—2x)* 
on P 210 —x)P? 
64 x! 
| 1f x is small, Kp = 7 P 


|^ It shows Kp which is constant at any given temperature, is determined by 
| the ratio x/P. Further, with increase of P, x must also increase proportionately, 


2 — 
PE = IKE 


This means that with higher pressures, the yield of ammonia would be larger. 


This is a valuable information to the manufacturer of ammonia. We can also 
calculate Kc from this, by equation (IX.8), 
| 64x? 1 
= a Av CRT 
| Kg = Kp(RT) re (RT) 


P? 
2065? |RT)" 
f edi 


for x3) de, P= kx 


64x? M 4x2y2 
a) = 


RT RT. 
Since volume V = (4—2x) -5 © 4—, wehave, Kc = 7 Tx 
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(e) The dissociation of nitrogen tetroxide, N,O, = 2NO, 
So, we have, Kp = PXo,/Py,o, 


i iati then 
ith 1 mole of N,O, and a be the degree of dissociation, 
at co ere CIR all (1--a) gm-moles of gas, of which 2a gm-moles are NO, and 
(1—2) gm-moles N;0,. 


[2c/(1+e)]? ^ 4a? 
Pek ^" 7 (I-9118] 7 1-2 


But Kp = Kyw.P^v (from eqn. IX.9) 
k n 
Sine, Av=1, Kp = iP 


‘a’ can be easily obtained from vapour-density measurements and hence Kp is 
evaluated. 


LIQUID SYSTEMS 


The principle of the law of mass action is universally applicable to reactions 


in liquid systems and also in heterogeneous systems where Components may occur in 
different phases. The esterificatio 


n of acids is a classical example of equilibrium 
study in liquid systems. 


(f) Esterification of acetic acid : 
C;H,OH + CH,COOH = CH,COOC,H, + H,O 
x x 


a—x b—x 
Let the total volume of the liquid system be V and let the initial amounts of alcohol 
and acid be a and b gm-moles and at equilibri 


log uilltorium the amount of acid esterified 
be x. Then at equilibrium, the concentrations are. 


a—x b— 
Cu EE CI Ce > Coster = T Cio = E 
= Coster X Cuyo — x? 
ae Ten iT = CESS 
The equilibrium constant is therefore independent of the volume of the s st 
If we start with 1 mole of each, then Peony; 


= 2Kct AK Dy. 
Kc Ta or z= ea no 
Experimentally, at room temperature, Kc = 4.0. 6. It i 3 
that with a given amount of acid and alcohol, we can calculate the e. sap dots 
of the ester at equilibrium. 
(g) Keto-enol tautomerism : 


CH;COCH;COORt = CH,C(OH) =CHCOOEt 
a—x x 


Obviously, the equilibrium between the two forms is governed by 
Cenol xlv x 
Kos Ss mk. 
$ Ckeo — (a—X»]V ^ Gao 
The equilibrium constant of this reaction, and many others in solution 
affected markedly by the Solvent, though the solvent would not Participate diens. 
Thus, in this reaction, enolisation is only 0,5% in water but 46 %in hexane solution, 


hy 
f 
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(A) Another equilibrium studied carefully in a liquid system is esterfication 


with amylene (C;H;o) ; è 
CCI,COOH + C;H;, = CCi,COOC,Hy 
c : a—x b—x x 
onc y p y 
If initial amounts of the acid and hydrocarbon be a and i 
and x moles be esterified, then Rud oleein yonmas K 


E 
a V m xV 
K= a—x b—x ~ (a—x)(b—x) 
VE 


Of other examples of mass action study, which can be easily followed, we 

can mention 
(i) the dissociation of N,O, in solution. 
N,0, = 2NO; Ke = CRfo,lCn;o. 

Since NO, molecules are coloured and N;O, molecules are colourless, the estima- 
tion can be done colorimetrically. 

(ii) The iodination reactions, such as 

KIH = Ki; HCl+I, = HCI, 

are followed through measurements of distribution of iodine in two immiscible 


liquids (Sec. X.5). 
HETEROGENEOUS SYSTEMS 


(i) Dissociation of calcium carbonate. This is a heterogeneous chemical reac- 
tion, as one of the products (CO,) is in the gas-phase while others are solids. 
CaCO, = CaO--CO, 
If, at a constant temperature, calcium carbonate is kept in a closed vessel, 
then the reaction proceeds with gradual increase in pressure of CO, until a constant 
pressure is obtained which we call dissociation pressure of calcium carbonate. 
It is the generally accepted convention that the activities of solids should be 
regarded as unity. In the case of E the standard state is the pure state (under 
en activity is unity. But 1 it be present in liquid solution, as a first 
1 atm.), wh be taken as equal to its mol-fraction. 3 


approximation, activity may i 
Now, for dissociation of calcium carbonate, dcaco, = 1, acao = 1. 
. = "420X400. .. 
SS I TEP tron, "Rd Pus. 
bon dioxide behaves ideally. Hence at any given temperature, 


assuming that cat 
the dissociation pressure © 

(j) Dehydration of Blue Vitriol. 
CuSO,, 5H,O = CuSO,, 3H,0 + 2H,0 


Ka = 101808 3H,0Xdio 


f calcium carbonate would be a constant. 


dCu$0,; 5H.0 
So, Kp = På 20 
Hence, the vapour-pressure would reach a constant value. 


(k) Hydrogen from reduction of steam. 
(a) with iron : 3Fe + 4H,O = Fe,0, + 4H; 


areo, X48 dg, \* Pg, V 
when Ka = 7 aa = ( >) = [> 
dfe X 48,0 H,O H40 
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i i i tantiated from 
S the ratio of Py,/Py o IS constant, which has been subs a 
Lr n This means that with increase of steam-pressure higher yield of hydro- 
gen is obtained. 


(b) with carbon : C + HO zz CO +H, 


På , 
where Ka = “Coxan, . PcoXPu, — Pa, since Pco = Py, 
acXdg.,o Pg,o Pg,o 
Ph 3 VERSES 
Hence. ‘Kp — pas ie., Py, œ Pn,o 
: Puo 


()) Dissociation of ammonium carbamate. 
NH,COONH,(s) = 2NH, + CO, 


= fm, X aco, o ps xP, 
So, Ka = "cas NH; X Pco, 
Let P be the total pressure at equilibrium, then Prus = $ P and Peo, = iP. 
4 
Hence, Kp = WP? 


IX.5. Influence of Inert Gases on the Equilibrium 
would be of interest to ascertain whether the ec 
components would alter by the presence of some inert substances. 
So long as temperature remains unaltered, Kp will not vary. We have 
Kp = Ky (P)4» 
Consider a reaction: aA -+bB +... dD +eE ate 


Let the system contain Na, Ng, ... Np, Ng . 
components. Then 


State of a Gaseous Reaction, It 
quilibrium concentrations of the 


+. mol-fractions of the 


D Na weny 
Noy Mi= No+Na+ng+np+tng ^ Xm 
where n-terms are gm-molecules of the com 


ponents, n, is the number of gm-mole- 
cules of the inert substance introduced, au 


hus we have, 


d e ^v 
= lingxne P ) 
sak ode E 
Now, on the introduction of an inert gas in the system n will always increase. 
Several cases may arise : 


(i). Addition of the inert gas at constant pressure : 


P \av 
(a) If Av = 0, then (3; ) = 1, hence the first factor in equation (A) 


will not change, or the equilibrium remains undisturbed, 


Av 
) diminishes and Consequently the first 


- aqu P \d» 
() If Av is negative, then (2 increases, so that the first factor 
must decrease. In other words concent: 


I rations of the resultants would decrease, 
Hence the reaction will be depressed. 
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(ii) ek of the inert gas at constant volume : 
a) when the inert gas is added to the s : i 
t ga ystem whose volume is ki 
the total pressure P will increase proportionately with the SUBE uoles E 


j odes ee ; 
the inert gas added ; i.e., Sn will remain constant. Hence, the first factor in 


equation (A) will remain unchanged, or the equilibri i i 
[ l 59 quilibrium will not i i 
any reaction. Problem 8 in the next section will illustrate such an ee P 


IX.6. Some Typical Numerical Examples. 
Problem 1. Calculate the pressure in atmosph i 
pheres necessary to obt % di: iati 
of PCI, at 250°C. The eqm. constant for the reaction, PCI, = PON Km. s IE 
If we start with 1 mole of PCls, the moles of different gases at eqm. are. PCI, =0.5 l 
PCI, = 0.5 moles, Cl; = 0.5 moles. Total = 1.5 moles. is LENT LES 


The partial pressures are — Ppci, = Ppcgi, = Pci, = 93 
^ 1.5 


where P is the required total pressure in atmospheres. 


0.5\ ? 
Peci, X Pi Eye 
Hence Kr TREES oca 
E È 
ig 


or iP = 1.8, ie, P = 5.4 atmospheres. 
This shows that in a reaction of the type 4B—-A+ B, the total pressure required for 50% dissocia: 
A c 


tion is numerically 3 times Kp. 
Problem 2. At 25*C, 1 mole of acetic acid and 1 mole of ethanol are mixed. At eqm. 0.667 


moles of acid have reacted. Calculate Kc. How much ester would be obt ined i i 
h 1 mole ethanol under the same conditions ? CHEN Hum GH OS 
go = Lester X Cio (0.667/ V.) (0.667/V) 

C = = 
Cacia X Calcohot ` (0.333/V) (0.333/V) 
ent, let x moles of acid be transformed, then 
CH,COOH + EtOH = CH,COOEt + H:O 
(2—x)/V a—x/V x/V xV 
x x? 
Ko=4= = 
Q—9)-x3  2-3xpx 


were taken wit 
4.00 


In the other experim 


Conc : 


whence x = 3.15 or 0.85. 
Since the first solution is absurd, amount of ester at eqm. is 0.85 moles. 
Problem 3. At 1000°K, for the equilibria, 


(i) CaCO, = Ca04-CO;, Kp = 40x10-? atm. 


(ii) C+CO: = 2C0, 'p- 2.0 atm. 
Solid carbon, CaO and CaCO, are mixed and allowed to attain eqm. at 1000°K. What is the 
pressure of CO? ; 
x 
acao X £00 e. Poo, ; K’p = — m Pto 


Kp = 
4CaCO, @c-4co, — Pco, 
Kp.K'p = P'co 0f Pco = V Kp.K'p = V4x10-*x2.0 = 0.28 atmospheres. 
000°C, the pressure of iodine gas is found to be 0.112 atm. whereas the expec- 
ted pressure is 0.074 atm. The increased pressure is due to dissociation ; I; 2I. Calculate K; 
Also find out the pressure at which I, will be 90% dissociated at 1000*C. Gr 
L 21 Total 


Problem 4. At 1 


1—a 2a icta; a = degree of dissociation. 
Since pressure is proportional to number of moles of entities of gases ; P/P) = 1 +a 
— calculated pressure (having no dissociation). : 


where P — observed pressure, P, = 
TRER 


qe aE 
Po 
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2a lo 
Now aa ere? E ee 
2a = (Ry 
Bode 4 
=P | gath: Po 
Hence 


P 1—e ia i (r) Ly 
— 1— 
(= ) Po 


_ XP—P)! — 400.038)? 


Jpg a = 15.2x10-? 
2P,—P 0.036 ; 
When degree of dissociation e = 0.90, we have 
—at e 
P = Kp —— = 152x19-3x —98D L & 5. 10-2 atm, 
a 


4x0.81 


Problem 5. The ammonia in eqm. with a 1 :3 NaH, mixture at 20 atmospheres and 427°C 
amounts to 16%. Calculate Kp and Kc for 


4N.+4H, = NH, 
For 100 moles of mixture, there are 16 moles of ammonia. Hence, every mole of mixture 
contains 0.16 moles NH;, 0.21 moles N, and 0.63 moles Ha. Their partial pressures are 
0.16 0.63 0.21 
Py, = ux» = 3.2atm ; Py, = X29 = 12.6 atm ; Py, 


Rr x20 = 4.2 atm. 


PNA, 3.2 
Kp = MO = = 3.49x10-* 
PE XPE (12.61 x (4.2) 
- 3.49 x 10-* 
d Kc c KART) AY — KRDA = 349x109. c 
an C (RT) (RT) (0.082:5:700) 6.1x10-* 
Problem 6. Ammonia in eqm. with 1:3 N,-H, mixutre at 44 atm and 350°C is 15% by 
weight. Calculate Kp. 


1N;HH, = NH, 


100 gms mixture contains 15 gms ammonia, XE gms N; and us gms of Ha. Then, 


T NH, Na H, Total 
in moles 0.88 2.5 1.5 10.88 
à 088x44 25x44 T5x44 
uit pressures 1088 10.88 10.88 “ 
t Ps [0.88 x 44/10.88 ] 


taavana ORA IA eos = 6. a 
[2.5 x44/10.88 35 [7.5 x44/10.88 JË iin 
Problem 7. At 127°C, the eam. constant Kp for the Teaction 


S0,Cl, = SO, + Cl, 
is 2.4 in atmospheres. 6.75 gms of SO. 


Cl, are placed in an empty 1-litre b 
raised to 127°C. What would be the pressure of SO,, Cl, and SO,CI, 
Also calculate the pressure of these gases if the 
bulb already containing chlorine at 1 atm, Comp: 
Le-Chatelier principle. 


ulb and the temperature 
gases? 


Same quantity of SO.CI, were taken into the 
are if the results are consistent with the 
In absence of dissociation, the initial pressure (P) of SO,CI, is 


Pxl1- ias X0082x 34-127) or 


P — 1.64 atm, 
= Pso,XPc, _ Ps, , 4 
Ves zs n SO; Cl, P-Pgog, — Uwe Ps0, = Por] 
y SSE OM a 
P-Pso, ^ L&i—Pso, 


Solving: ^ Psgo, = Poi, = 1.118 atm, Pso,ci, = 0.522 


ag 
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(b) When the bulb already contains chlorine at 1 atm, let the i 
ai > artial 
bes. Then Pci, = (rt D and Pgo,ci, = 1.64 —7 CR AN 
A nlati) 
Ps Kp = = 
= 1.64—7 
a = 0.912, ie; Pgo, = 0912; Per, = 1912 ; Pso, ci, = 0-728. 
diminished the extent of dissociation of SO. Cla. This i 
í 1 ,Cl,. This is expected 
ich predicts the removal of chlorine, obviously by the cae 


24 


Solving : 
The addition of chlorine has 
from Le-Chatelier principle, whi 


process. 
Problem 8. (a) In phosgene gas reaction at 400°C, the initial pressures are Pog = 342 mm 


and Pq), = 352 mm. and the total pressure at eqm. is 440 mm. CO+Cl, = COCh. 

Calculate the percentage dissociation of phosgene at 400°C at 1 atmosphere. 

(b) What will be the extent of dissociation if N, is present in the system with a pressure of 
0.4 atm., the total pressure being the same 1 atmosphere. 

(a) Letxbethe partial pressure of phosgene gas at eqm. At eqm. then, 
(342—2x) mm, Po, = (352—x) mm, Pcoci, = X mm. 


—x)+x = 440, ie, x = 254mm = 0.334 atm. 
= 352—254 = 98 mm = 0.128 atm. 


Poo = 
3 (352—x) +342 
4 Poo = 342—254 = 88 mm = 0.116 atm., Pci, 


The eqm. constant for the dissociation of phosgene ; 
e 


OCh = CO--Ch 
i~a a a 
PooxPci, _ 0-116x0.128 _ 
Ke = Poa a 
: oz 
But Kp = qu = 44x107, 


a = 0.206, i.e. dissociation is 20.6 75. 


Since P = 1, 
0.4 atm, the total pressure of the reactants and 


(D) When inert N, is present with Pr; = 
resultants at eqm. = 0.6 atm. 
atP 


Hence ; Kp = ion , where ai is the degree of dissociation in presence of N;. 
B 
or se = 44x 0-8, whence a; = 026, i.e., 26%. 
1 
The presence of N, has enhanced the extent of dissociation. 


IX.7. The ‘Thermodynamic Criterion for Equilibrium. The basic criterion for equili- 
brium of any system, physical or chemical, is that the thermodynamic potential 
In other words, at equilibrium the thermodynamic 


of the system must be minimum. € 
otential change AG must be zero, L6 AGp,r = 0. [See, Sec. IV.40]. More 


explicitly, when f vll. 
AGpr = % the system is at equilibrium, 
AGpr = —Ve the process would tend to proceed spontaneously, 
AGp,r = +e the process would tend to move in the opposite direction. 


The calculatio 
a given process WO 


If AG = 0, the initial and final $ c 
If AG be negative, the process will be spontaneous. We may 


(i) In the vaporisation of water at 1 atm, 

“mo = Bo; AH = 9710 cals, AS = 26 e.u. 
So, the thermodynamic potential change in vaporisation, 
AG = AH- TAS = 9710 — 26T. 


@ rfAG=9% T= 36 


Le., equilibrium will be attained between liquid and vapour at 373.4°K (100°C) at 1 atm, which 


is an observed fact. 
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(b) If T = 400°K, AG = 9710—400 x 26 = —690 cals. The negative value of AG indicates 
that at this temperature vaporisation would spontaneously occur—an experimental fact. 

(ii) In the formation of water at 25°C and 1 atm, 

H,+20, = H,0(); AH = —68320 cals. 
The entropy change of the formation of H.O ; 
AS = Su,om — Su, — 450, 39 e.u. 
-. The thermodynamic potential change in the formation of H3O (I) is 
AG — AH—TAS — —68320—(298) (—39) — — 56698 cals. 

Since AG is negative, it is thermodynamically predicted that formation of water would proceed 
spontaneously. But a mixture of H, and O, does not seem to react appreciably at 25°C. This 
is only because of the extreme slow rate of the reaction, which is nota concern of thermodyna- 
mics. If the rate be accelerated by a catalyst or a spark, the equilibrium will be established and it 
will be much towards the direction of water. 

(iii) In the oxidation of ethyl alcohol to acetic acid at 250°C and | atm, 

CH;CH;,OH--O; = CH,;COOH+H.,0 
AG: —41770 0 —93800 —68320 
Hence the net thermodynamic potential change of the process, 
AG= —93800—68320—(—41770) = —120350 cals. 

This highly negative thermodynamic potential change of the process predicts spontaneous 

oxidation of alcohol. Hence, if a suitable way (a catalyst) is found, the oxidation will readily occur, 


IX.8. Equilibrium Constant and Thermodynamic Potential Change: The Reaction 


Isotherm, lt is easy to find a correlation between the thermodynamic potential 
change and the eqm. constant of a chemical process. 


Consider a general reaction, a4'+-bB = dD +eE 
in which suppose at a given tem 
concentrations (or pressures), 
d moles of D and e moles of E. 


The change in the thermodynamic potential in the system due to the chemical 
reaction at constant temperature and pressure, would be, 


e AG — Gresuttants — Greactants = dup ERE — apa — bug 
where p-terms are the respective chemical potentials. 

Since y = RT Ina+z (equation IV.117), we have 

AG — d[ RT In ap + zp] + e[ RT In ag + zg] — 


a[ RT In a4 + z4] —b[RT In ap + zp] 


perature T and at a given set of arbitrarily chosen 
a moles of A react with b moles of B yielding 


d 
a5 X dg 
; +dzp + — az4 — b 
2 xd Zp + ezg — dz4 ZB 


a X d; 
b 
a4 X dg 


where a4, dp... etc. are the activities of the components in the arbitrarily chosen 
conditions for the reaction. 


It would be remembered that this relation is valid for 


: : any chosen s È 
therefore would also be valid if we start with the components in the a a 


state. Then, using suffix e for denoting equilibrium conditions, 
ad x a 


e 
c e LE "m 
AG RT In LT +Z RT In Kg +Z 


= RT In 


= RTIn 


+Z (constant) 


But at equilibrium, AG‘ =0, hence Z = —RT [s Ka 
Then for any chemical reaction, the thermodynamic potential change 


AG = —RT In Ka + RT n% 
d, xd 
= —RT In Ka + RTXv In a h (IX.10) 
This relation is commonly known as the reaction isotherm. ne 
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When the systems approach ideality, activities ma 

T y be replaced by fugacities 
or pressures i ion i 
x m or by concentrations. The modified forms of the reaction isotherm 


M 


AGe —RT In Kc + RTEv In C \ 
AGp —RT In Kp + RTXvIn P 


The standard states chosen in each case must be specified. 

The importance of the isotherm lies in the fact that it can predict in which 
way a reaction, in a given set of conditions, would proceed. In eqn. (IX.11) 
if the arbitrarily chosen concentrations Dv In C is less than In Ke, AG "y cem 
a spontaneous reaction would take place. If Xv In C be greater than In Kı the 
reaction will not occur. In that case if we reduce the concentrations of edes 
and increase those of reactants, the possibility of reaction in the desired direction 
would improve. It is thus that thermodynamics provides us the clue to the know- 
ledge of conditions favouring a chemical process. d 


"Again, AG = —RT In Ka + RT Zv Ina 
If the chemical change be carried out in such conditions that every reactant and 


resultant be maintained at unit activities, i.e., all the reactants and res 
: 2 ? ulta; 
are in standard states, then £y In a = 0, and so, ius 


AG? = —RT In Ka 2. (IX.11a) 


AG? is the standard thermodynamic potential change, accompanying conversi 

of reactants in standard states to resultants in their standard states. 5 SEU 
This shows that eqm. constant 1s a measure of the standard thermodynamic 

potential change of the process. Experimental determination of AG, for which 


there are several methods, will thus enable us to evaluate Kp and vice versa. 


We can now rewrite equation (IX.10) as 
AG = AG? + RTX» In a. ... (IX.12) 
As before, in ideally behaving systems we have 
AG» = —RT In Kc and AG = AG°+RT=y In C 
AG? = —RT In Kp and AG = AG°+RT%xy In P 7 ie) (LSS 13) 
These relations (IX.11) and (1X.13) are of unique importance to the chemist. 


2.2. (X11) 


y 


Problem 9. At 1000°K, the value of Kp for the reaction 280,4-O; = 2SO;, is 3.5. What 
would be the thermodynamic potential change if 2 moles of SO, at 1 atm are formed from SO; 


at 0.1 atm and O, at 0.2 atm at this temperature? [Use R in litre-atm.] 


P'so 
AG= —RT in Kp + RTIn P50, X Po, 
= —RT In 3.5 + RT In w = 9890 cals. 
(0.1)? x (0.2) 3 
Since AG? = —RTInK 
A AG? -AG° AS, —AH0 
we may write; K= gate ORR OEE 2 (IX.14) 


ane AG = AH*—TAS, (eqn. IV.53). 


It is evident that ; s 
(a) When AG <0, K will be greater than unity and will increase as AG? 


becomes more and more negative ; 
(b) the more negative the value of AH®, the larger will be the value of 
eqm. constant K ; ; : 
(c) thelarger the yalue of ASo, the higher will be the magnitude of K. 
ter extent of reaction to produce the resultants 


The higher values of K indicate grea 
That is, the reaction will be favoured when AG? and AH? are very negative and 
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Le Chatelier principle gives a qualitative idea as to the direction in which 
equilibrium will be shifted when temperature is changed. It is possible to deduce 
a quantitative expression for the variation of eqm. constant with temperature 
from thermodynamic considerations. 


The reaction isotherm : AG = —RT In Kp + RT Xv In P 
Differentiating with respect to temperature at constant pressure, 
a(AG) _ dln Kp | 9XvinP 

aT 7 RT aT Rin Kp +- RT ar 
The term £v n P is a fixed quantity containing arbitrarily chosen pressures 


abv InP Whi 
3T =0. Multiplying both sides by T, 


+ RivinP 


of the components, hence 


aT RT? ae RT In Kp + RTXv In P 


= Erme + AG 


8 In Kp 8(AG) 
Hence, RT? aT ING 4h oT EXIS) 


But from Gibbs-Helmholtz equation, AG — T AAS) = AHr 


where AHr is the heat-change (i,e., heat of reaction) at temperature T. 


arith = AH; 
ln Kp _ AH 
oT RF ... (IX.16) 
Mau ue MN as the van't Hoff equation, which gives the variation of 
We know further Kp = Kc (RT) 
or, In Kp = In Kc + AyInR + Avin T 
b. 8inKp QlnKg , Av 


Gy er yc Meas 
Substituting this in the equation above (at const. pressure), 


OlnKc AHr Ay _ AHT AvRT _ AH- PAv 


or TU Ue RT? Ri wr 
"n ; ain Ke _ AUr 
oT RT? ++. (IX7) 


where AU is the energy-change at constant volume, i. 
EHI : GC -e., heat-chan: 
volume. This relation for the variation of equilibrium constan Bear constant 


z $ t Kc wi 
ture at constant volume is often mentioned as van't Hoff isochore. c With tempera- 


IX.11. The Integration of the van't Hoff Equation. The inte i ` 
Hoff equation (IX.16) would enable us to calculate fumbrically tte sain rine 
cquilibrium-constant with temperature. " ot the 


dT 


\H ; 
Now, | din Kp = Ane (assuming AH as constant) 
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H1 
or In Kp = — Ar + C' (constant) 
Integrating between two temperatures, T, and 7), such that T, >T}, we have, 
Kp zt d ] As] 
In KR EIOR TET R TT, -. + (IX.18) 


If the reaction be exothermic. i.e., AH is —ve, then the expression on the right- 
hand is negative, hence Kp, < Kp,. It means that with rise of temperature, Kp 
will diminish, i.e., resultants (at equilibrium) would be less. In other words, exother- 
mic reactions are not favoured by rise of temperatures. If the reaction be endo- 
thermic, Kp, > Kp,, i.e., endothermic reactions would be favoured by rise in 
temperature. These are exactly the results expected from Le Chatelier and Braun 
principle. 

Problem 15. The dissociation constant of CaCO; at 900°C and 1000°C are 790 mm and 
2940 mm, Calculate the heat of dissociation at this temperature-range. 

CaCO, = CaO + CO, 


a xa 
Ka = C97 CO: = aco, , hence Kp = Peg, = P (say) 


*CaCOs 

Kp P AH[1 1 
Then sep ed 

790 AH 1 1 
ie, m 2940 2 Uma za Mei anie 

REL 

Since, In Kp = ERIS E constant 
or log Kp — A x + constant. eee (IX.19) 


1 z 
A plot of log Kp against T would be linear, and the slope of the curve will give the value of AH, 


as illustrated in Fig. IX.1. 


6 16 
a 
els x 
m bo 00. 
bo 9 
2 -08 
12 14 16 80 | 120 
To T /r 
Fic. IX.1 
(a) NH; — 3N:-- Hs (b) SO.+40; > SO, 
(endothermic) (exothermic) 


If AH, the heat of reaction, be very small, i.e., AH — 0, as in the reaction between ethyl 
alcohol and acetic acid, In K = constant, i.e., eqm. constant does not change with temperature. 


The relation (IX.18) is only an approximate one as AH has been assumed 
constant. It is known that AH often varies considerably with temperature. A 
proper integration of the van't Hoff equation may now be attempted. 


Consider the reaction, aA + bB dD + eE 
Now from Kirchhoff's equation, we know, 


IAH) _ ACp= Cp LG 


oT resultant reactant 
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T? yn 
E AHr—AHy= aT PT. 4 YP 4 <.. (1V.28) 


where AHrz and AH, are the heat-changes at T°K and 0°K respectively. 
The van’t Hoff equation will then be 


ainKp _ AHr AH, , a n B ye 
oT RT? IRIS RT RIRIS R i SS 


T T 
ACD uu ... (1X.20) 


where I is the integration constant of the isochore. 


This is the proper integrated form of the van't Hoff equation. There is no 
way of direct measurement of the integration constant J. As such the evaluation 
of Kp from this relation proves difficult. 

The constants a, B, y, ... etc. are available from direct measurements of heat- 
capacities of the reactants and resultants at different temperatures. If A Hr, the 
heat of reaction, is also determined at different temperatures, we can find AH, 
with the help of equation (IV.28). Thus, thermal measurements give us the cons- 
tants on the right-hand side of equation (IX.20) except ‘P. 

In those cases, when Kp can be experimentally determined, the value of J 
will be at once available from this equation. 

Rewriting equation (IX.20), 


or In Kp ame di x InT + 


Rin Kp = — Foran 4 T Te p IR = — Alle AR 


B f hon. , 
where A — a In T + 50+ LT? ++... such that ‘4’ is a function of temperature 
only for any given reaction. 
That is A—RIn Kp = AH, SUR 
j n 2. (0X21) 

If we plot (A—R In Kp) against 1/T, the slo i i 
5 pe of the straight line would lead t. 
the value of AH, (heat change at absolut i a 
both Zand AH, can be obtained (Fig. IX.2). TP UE UI SIS 


A—R In Ke 


T 
Fic. IX.2 Determination of J and AH, 


Problem 15. Given Cp_ = 6.5+0.0009T ; Cp. 
Hs Bra 


COMO Cp = 6.540.007. 
Write down an expression for AG? for the reaction, 1H, + $Br, = HBr ij 
in which log Kp = 2.44 at 1381°K, and AH) = —11970 cals, i 


- —4iCp_ — == 
Now, ACp = Cp. icr. ico 0.45 + 0.000057 


" 
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Since ACp = a+BT, wehave a = —0.45, B = +0.00005 
Again log Kp = 2.44, i.e., In Kp = 5.62 
—AHo a B 
= EL E ; 
And In Kp RT ar ms T OR TRI (see equation IX.20) 
11970 (—.45) 0.00005 
=> — — X 2.30! 1 
or 5.62 2x1381 2 x 2.303 log 1381 + 4 X 1381 4- J, 
whence I= 29 
AG? = —RT In Kp — AH, — aT In T — Er: = IRT. 


= — 11970 + 0.45T In T — 0.000025 T? — 5.8T 


IX.12. Calculation of Eqm. Constant Kp of a Gaseous Reaction (Theoretical). It is 
possible to employ the basic thermodynamic relations to evaluate the eqm. constant 
of a gaseous chemical change. : 

For a solid subliming into a gas, we have two thermodynamic relations : 


: ge UDI?) Sth : 
(i) Clausius-Clapeyron equation, iT = ED ans (4) 
s GE; 4 
(i) Kirchhoff's equation, 57 = Cr,—Cr,= AC? M) 
where Ls = molar latent heat of sublimation. 
T 
From (II), Ls = Ls, + í ACpdT T 
0 
Ls, + JR CpdT 
qn eee fel fence 
From (D and (ID, 557.— =, —— 
T 
Jus J ACpdT 
or InP =—Rp + = pre aT +i «s (LV): 


where i = chemical constant (see Sec. IV.47). 


T ir 
j ACpdT E J ACT See 
o = — 
But f RT T RT d Ag. dT 
: T , 
Ls, — Ls f ACp 
(from IID, = > RT ee J RT dT, 3U 99) 


T Ü 
L AGREE I 
From QV) lene RT, Rr +i SS ND 


Now, consider a chemical reaction, in the gas phase, 
mA + mgB = mcC + mpD 


PEC KIRAL 
D * 
We have, Kp = pray pni , (P-terms are partial pressures) 
A B 
dinKp _ AHS 
and CPU. RES 


The superscript G will be used for gaseous state and S for solid state. A His 
thus the heat of reaction in the gaseous state. » 
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i ituents when eqm. is reached. The task becomes comparatively 
REN S Ese some physical property such as vapour-density, refrac- 
ive i ical rotation, electrical co: , etc. 
yy USA gaseous dissociation such as NO, = 2NO,, or COCI, > corer 
etc, the density changes and becomes constant when eqm. is reached. The variation 
in density is measured at constant volume [by actually measuring pressures in 
a constant volume Victor Meyer's apparatus]. The density measurements give 
the value of a, the degree of dissociation and hence Kp. The method is applicable 
only in cases where dissociation is accompanied with change in number of moles. 

In the determination of equilibrium in hydrolysis or in mutarotation of sugar, 
usually the polarimetric measurement of optical rotation is taken advantage of. 
In ionic equilibria, such as the dissociation of organic acids, the conductance 
measurement of solutions is used to ascertain the dissociation constant. 

But, more frequently, method of chemical analysis is required and adequate 
precaution is needed to carry out the analysis very quickly so that the eqm. may 
not alter on removal of a reactant ora product from the system. The shift of eqm. 
is often prevented by sudden "chilling" of the system after attainment of eqm. 
or removal of catalyst, or addition of a chemical reagent in large excess. Such 
steps help in preservation of the equilibrium by reducing the rates of reaction 
practically to nil. 

In hydrolysis of esters, e.g., CH,COOEt--H,O = CH,COOH-+-EtOH, an 
aliquot part from the equilibrium mixture is taken out and immediately added 
to a large volume of water. The concentration thus becomes too low for under- 
going change in a measurable rate and the eqm. is maintained. The dilute solution 
is next titrated against standard alkali to ascertain the amount of acid formed. 
The extent of hydrolysis, arid hence the eqm. constant Ke, can then be easily 
calculated. i Y: 

In the equilibrium, KI--I, = KI, the eqm concentrations are obtained from 
a study of the partition coefficients of iodine distributed between two immiscible 
solvents [Sec. X.5] in presence and in absence of KI. Partition coefficient measure- 
ments are used also in some other reactions. 

The chemical methods used for studying gaseous equilibria are classified as 
either static or dynamic. The classic example of static method is the Study of eqm. 
2HI = H,-+1, by Bodenstein. Small glass 

~ hydrogen iodide at diffe 


hydrogen gives the extent of dissociation (a) from which Kp 


4a, 
i zo is known, 


( 
In another set of experiments, bulbs were filled with known mixtures of hydro- 
gen and iodine and the unreacted hydrogen measured at eqm. as before. The 
eqm. constant for dissociation was found to be same. 

The dynamic method in the study of equilibria had b 


by Haber and Nernst. Subsequently other workers, like Larson and Dodge, 
improved the technique. The principle is to run the mixture of reactant gases 
through a hot tube containing a suitable catalyst. This assures quick attainment of 
eqm., as in the case of N, and H, in ammonia synthesis. The outcoming gases are 
rapidly “chilled” to a much lower temperature where reaction-rate is negligible, 
The products are then analysed. Whether eqm. had been attained in the hot tube 
can be tested by flowing the reaction mixture at s 


1 at successively slower rates until there 
is no longer any change in the extent of reaction. 


cen particularly followed 


IX.14. Equilibrium Constant from Partition Functions. We have Seen how the 
equilibrium constant can be derived by considering the 


thermodynamic potentials 
of the reactants and the resultants. In Chapter VII ; We have noticed that the 
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free energies can be determined from the molecular 
attempt now a molecular interpretation of the equi- 
tart with a simple gaseous equilibrium between two 


thermodynamic potentials and 
| properties. We may therefore 
i libria. To illustrate we may S$ 
isomers, 
SOS 4 
It would be first necessary to know the energy-levels of both the types of 
isomeric molecules. Suppose the energy-states of X and of Y be represented as in 
Fig. IX.3 ; the energy levels of X are 0, ez, ez, 3ez . . . etc. and of Y are 0, ey, 2ey, 
3ey ...etc. The spacing of energy levels are different for the two species, and the 
ground-state or zero-point energy-levels of the two isomeric types are also different. 
The difference of the molar ground-state energies may be denoted by AE». 


x ta 
Eu — 
5€x 6€y 
S€y- 
4€, — 4€y 
$ ——— 
| Geaa a ee OY 
| ————————&y 
2. RN | zi 
€x an i B 
Anh ee 
Fic. IX.3 
Janv of the energy-levels has been ignored for the sake of simpli- 
s ps mart o remember that the energy-terms €, ey, etc. include 
ERES onal rotational, vibrational and electronic energies and need not be 
equispaced.] les of X at eqm. of which Nọ 
br of molecules o eqm. of which N3 are, present 
| y rd Nz be the to mmber of molecules of X in the ith energy level is 
| e groun D 2 = NE en lex] 7 (Boltzmann) 
l- i "AM, 
| f molecules of X is given by 
mber 0! 
Hence, the total " SN 4 NE +N: + Ne+...- 
Eg Ne m eel T + N3 en %x/kT + Nx ecl T A uu. 
t nel 1+ enexlkT + en 2ex/kT + e-3x/kT +...) 
LY Ey E o 
p EUN $ g- xl T 
iz0 h 
4 vi 
Similarly, for the y-isomeric md we have 
ie [KT- 
Ns ON END 
AC BED ulation in the ground states of x-levels and of y-levels are also 
% i s 
related by the Boltzmann ROM a 


= NOS 

N = N V. 

-AoT Xi e-ieyl FT 
o 


Substituting, Ny = Nze 
e-i ey KT 
Be] KT 
Hence My Se he genui 


Q0 SN 
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[ IX.14 
Now, the eqm. constant (K) for the reaction, 
K= Ey where Py, Pz are the partial pressure at eqm. 
T 
P Ny BN Xe-igjkr ] 
or K= P. = WEST e—Aeg kT [ Seu 
Xe-tyer 

or K= enne zer] . (A) 


It shows that the eqm. constant depends only on the energy values of the different 
energy-levels of the molecules. Using partition functions, fy and fz, 


K = e-^EyRr Su 
rz 


This shows that eqm. constant is related to A E, through the partition functions. 
The procedure may be generalised now. 


We know, for perfect gases, Gibb's potential is given by 


G = F+PV = F+RT = —kT In Z-+RT, (eqn. VIII.22), 


fh 
We have G = —kTIn (5) +kT 
fe A 
= —RTIn "NC RT [Since InN! — Nin y — N] 
ET f 
= —RT In (+): -..@ 
The total energy of a molecule, 


: i.e., the energy possessed by the mole 
state at T = O°K. Usually t 


e cule at the ground 
i he zero of energy to which all other energies are referred 

is the energy of disšociated atoms infinite distance apart, at T = 

at 0°K would possess some energy, 


f? =f te X Frot X fon x Pretec X e-tolkT 


2«mkTyn 
or f? SEC) E ea 
where Po = e-*^T and fo, = f'rot x fry X fetes 
4 2amkT)3/2 
Putting ue fine = f’, we may write 
f* =f'V.do 


Substituting this in (a) above, G = —RT In (Hee ) 


At the standard state, where P = 1, we have 


€ = — RESI FT 4, = RT In (pu. Eo 
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Let us now consider a gaseous reaction, 
aA +bB > cC -- dD 


B a E. o o 
in which AG? = on + dG, = aG? = bG? 


ye ^d 
x mabe 
From (b) above, AG? = — RT In es ET) ^ "e | 


Tee 
where An = (c+d) — (a+b) 
po X dob 
d gan = Tec — “oe 
a i bod X do 
But, AG? = —RT In Kp on 3 (DKS) 


f'&xf'*. 
Hence, the eqm. constant, Kp Spex « Gh" x (k T^" 
4 


"c "d A 
FOE x eTAolkT x (KTA 


EEUU 
=T CZI D y eAB IRT x (KT) ... (X22) 


n EC Sus e 1 An 
And Ke = Kr CDE = pr x LR e-otui (5) 


i is wi imple examples. 

Ilustrate this with a few simple € A ) l 
We Yi) Consider the dissociation equilibrium, fy = 21, in which the eqm. constant 
can be statistically expresse as 


jte 


ffo) » 
ne flar) EE dba (7778/27879 X (KT) (eAFoIRT) 


(2rmikT}"” h] [KT].e-^EoIRT 
= gr (2mm, ETP) [8x IKT[oh®] ete? (1 —echiery-r 
Ts * 


g (smikT Ge evinlkT) ethvlk , g-AEoIRT 
© AR 
-tical weight factors, o = 2, mrs = 2m; and all the entiti 
Where gr, gy» 81€ he statis Tund states. The magnitudes of 7, v and AE, ae 
are supposed to en spectr oscopic measurements. The equilibrium constant 
all determinable. B in terms of spectroscopic constants only. 
can thus be obtaine ‘der the jonisation of sodium vapour. 


(ii) Let us next cons : 
Na = Na+ 8 


fui x fo —, 
Kp = kT ee AEo[RT 
From equation (1X.14), P Tra 


e oc doy 7 tog? ogllKT 


b = 
+p An = poe x $04, 1 $04 T Reus Y 
-A«IKT = e Fol 


InAa——————————— 


=e 
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In this case, only the translational motion is concerned, hence 


8na*-So [(27m;kT)?/h] [QmmekT)92/h2] i 
Lr in P [(27mya .kT)9!2/h3] x (kT) e 


= 8Na‘ Bo Cente (ED) e-AEo/RT 
ENa 


where mg = mass of electron, AE, = 


the difference of energy of Na-atom and that of Na* and 
electron 8 in ground electronic states Le, AE, = Ve 
where V; is the ionisation potential and 

charge. 


(ii) In the reaction, out = Matt, 
3 


e, electronic 


` let the three entities of substances be Symbolised as 1, 2, 3 as above 
j Lafa p- 
«KE pa Q7 ^Eo|RT 


Assuming non-degeneracy and also that the entities are in ground electronic 
State, [See also Sec. VIIL.9 and 10], 


‘Ko (fas -Srots Tats ) (fees irate Tris ) 
3 Ces Rir Jon) 
m,m, \ 312 ( o? TI (1 —e-hnikrya en AEoIRT 
i mij 2:3 (72) ` (Leon) ( T—e=hrsiky 
The spectroscopic data thus enables one t 


o calculate the eqm. constant. 
The entropy of a monatomic gas or vapour, in which the translational partition 
function need only be considered, is 


e-AEo[RT 


f^ SOzMkTy KT 
Sr = R[n Nae p +52] 


At standard Pressure, P = 1, we have , 


3/2 
Sr = ERE § R In T 4 R In S2TMETY 


EHE 

But from classical thermodynamics, we know (Sec. 1V.48), 
Sr—$ RE RIT 4- 2303 Rxi, 

^y aee 2n MKT)? | 
Comparing i = log, Cr MET. | 
The values of vapour pressure consta 


nt (i) and those of entro S) as deter- 
mined from thermal data and calculated fi xu i 


anc Tom statistical formulae in a few cases 
are given below. They exhibit remarkable identity. 


(i = vap-pressure constant.) 


TABLE 


Substance 


2 : | 
The calculated values of ‘i „may be profitably used in evaluating van't Hoff | 
integration constant ‘I’ and this in its turn would 


: enable us to calculate the equili- 
brium constant of a gaseous reaction [Sec. IX.12, eqn. (X11)]. 
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References for further reading 


(i) The principles of chemical equilibrium : DENBIGH 

(ii) Kinetics of chemical change in gaseous systems : HINSHELWOOD 
(iii) Thermodynamics : LEWIS AND RANDALL 
(iv) Thermodynamics for chemists : GLASSTONE 

(v) Chemical thermodynamics ; ROSSINI 


Problems 


1. At 427°C, for the gaseous reaction 
H.+I, =2HI,  K-553. 

(a) What weight of HI will be formed at eqm. if 1 mole of H; and 1 mole of iodine be placed 
in a l-litre vessel at 427°C? 

(b) Will there be any reaction at 427°C in a mixture consisting of 0.70 atm of HI and 0.02 
atm of each of Ha and Ia? If so, will HI be consumed or formed ? 
pounds A and B dissociate at 20°C into gaseous products, as, 

A = A’+H:S 
B = B’+H,S 

The pressure at 20°C over excess solid A was 50 mm and over excess solid B was 68 mm. 
Find (i) dissociation constants of A and of B. (ii) the relative number of moles of A‘ and B in 
the vapour over a mixture of the solids. Sho w that the total pressure of gas over the solid mixture 
will be 84.4 mm. 

3. For the reaction, Fa = 2F 

(i) Calculate the degree of dissociation and densi 

Kp = 1.4X10-? atm. A 

(ii) Calculate also AH? for the dissociation of flourine, if Kpys0° 
KPoso? = 4X10-* atm. 

4, Calculate the eqm. constants of the following reactions at p 
formation and third law entropies from tables : 


(i) Ha + Bra = 2HBr 
(ii) CH44-20, = CO, + 2H,0(8) 
5. Calculate A H^, AG’, AS? for the reaction. 
NiO(s)--CO = CO, + Ni(s) at 1000°K. 
Given Kp,,,? = 4.6% 10%, KPioas? = 2.5% 10°, Kp? = 1.6% 10° 
6. In hygrogenation of benzene to cyclohexane, 


CoHo+3Hs = CoH,  AHi00°c, = —46000 cals 


2. Two solid com| 


ity of flourine at 0.4 atm and 1000°K, when 
= 2x10-5 atm and 


5°C using standard heats of 


and the partial pressures at eqm. at 100°C and 1 atmosphere are pg, = 1 mm, Pc,H, — 69 mm, 


Pe.Hyo "i 690 mm, |o, jio, tf R : 
Calculate Kp at 100°C and at 90 C. What will be the Gibb's potential change of the reaction 


at 100°C? 
7. (i) At 100°C and 1 atm pressure, the fraction of CO, dissociated into CO and O% is 


3x10-5. Calculate Kp for 2C0, = 2CO+0,. 


(ii) Oxygen is passed through carbon at 1000°C. At a total pressure of 1 atmosphere, the 
gaseous mixture is CO = 99.3%, COs = 0.7% by volume, oxygen present is negligible. Deter- 
mine Kp and the Gibb's potential change at 100°C for the reaction, C-+CO, = 2CO 


8. In the gaseous reaction, Sy+20y = 280,, the following are given : 
AH yy = =173000 cals, AS = ~33,6 eu, ACR = —1.49 + 142x107 T 
Find the value of Kp at 1000 K. 


———————— RN 
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9. In the gaseous reaction, 


2A+B = AB, AG? = 1200 cals at 227°C 


What total pressure would be necessary to produce 60% conversion of B into A;B when 2:1 
mixture is used? 


10. In the reaction, CH;COOH+-C;Hip = CH,COOC,H,,, when 3x 10-4 mole of acid 
and 4 x 10-* mole of amylene are mixed in 850 c.c. of an inert solvent, 1.3 x 10-4 mole of ester is 


formed. How much ester will be formed if 0.004 moles of amylene and 0.002 moles of acid be 
mixed in a litre? 


11. In the reaction, 
CuSO,, 3H,O = CuSO,, H,0+2H,0() 
the dissociation pressure is 7 x 10-? atm at 25°C and A H^ 


= 27000 cals. What will be the disso- 
ciation pressure at 127°C? 
12. The following heats of formation ( ^ H°) and absolute entropies (S?) are known : 
AH” (cals) S? (eu) 
m = 312 
HO —57800 45.1 
So 525020 413 
COs = 94040 51.0 
Calculate Kp for the reaction, CO+-H,O = CO, +H, at 500° " Ae € 
independent of temperature. É zT Us at 5007 K assuming AH? values being 


13. At 100°C the vapour density of nitrogen tetroxide i 
Me Ee is 25 at 1 atm. Show that the eqm. 


14. In the isotopic eqm., HOH+DOD = 2HOD, show that 


Kp = Ingopl(mgog.mpop)| lenog.opop[e*g, 


3 oD) U'nop/gonIpop)je -^EoIRT 
assuming absence of any excitation of vibrational levels, 

H ieee AG for the reaction N34-0, =2NO isgiven by AG? = 22000—2.5 T, Estimate 

P . (Ans. Kp = 1.4x 10-3]. 


CHAPTER X 


EQUILIBRIA IN HETEROGENEOUS SYSTEMS : 
THE PHASE RULE 


X.1. The Heterogeneous Systems. When a system consists of parts which have 
different physical properties (perhaps also different chemical properties) and 
which are separated by bounding surfaces, the system is said to be a heterogeneous 
one. When the chemical or physical reactions which occur involve a movement 
from one state to another state of aggregation, i.e., from one phase to another E 
the equilibrium attained is spoken of as heterogeneous. Such equilibria therefore 
occur in vaporisation, condensation, dissolution, precipitation, transition of one 
form into another (S,— Sj), distribution of solids between two immiscible Solvents, 
chemical changes having reactants and resultants in different states of aggregation 
etc. The study of equilibria in heterogeneous systems is usually made with the 
help of four general principles all of which are derived from thermodynamics. 
These principles are (i) the law of mass action (ii) Clapeyron equation (iij) Nernst 
distribution law and (iv) the Phase Rule. Of these, we are already familiar with the 
application of the first two. dw. i k 

When information regarding the quantitative relation between reacting species 
is required, the application of the mass action law is inescapable whether the System 
is homogeneous or heterogeneous. In Section IX.4 we have seen how the chemical 
equilibrium in heterogeneous systems is studied with the help of this law. 

In a heterogeneous system, the constituents would occur in more than one 
state or phase, say liquid and vapour. A change in temperature ofthe system would 
alter the pressure and the concentrations. A quantitative measure of the alteration 
in pressure due to variation in temperature for the change of state or transition is 
given by Clapeyron equation (Sec. IV.45). 


dE oc CN E 
dT — T(vy—vi) 


or by the Clausius-Clapeyron equation in the integrated form for liquid-vapour 
equilibrium 


It is easy to see how with these relations, the influence of temperature or pressure 
on the equilibrium of a heterogeneous system can be studied. me eH 

In this chapter, we shall deal with the other two laws—the Distribution Law 
and the Phase Rule. 


THE DISTRIBUTION LAW 


X2. Solubility of a Gas in a Liquid : Henry's Law. The solubility of a gas in a 
given liquid depends upon the pressure and the temperature. Le Chatelier's prin- 
ciple predicts that with increase of pressure the solubility will increase. Consider 
a system at equilibrium containing a gas in contact with its solution in a given 
Solvent. If the pressure is increased, the system will tend to reduce the intensity 
of the stress. The pressure exerted upon the gas will be reduced by any change 
which reduces the volume. Since the solution of a gas reduces the total volume of 
the system, it follows that an increased solubility will result from an increase of 
Pressure. It is indeed found to be true. ; 

William Henry, as early as in 1803, made a systematic investigation of the 
Solubility of a gas in a liquid and established that “the mass of gas (m) dissolved 
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byaunit volume of a liquid is proportional to the pressure (p) of the gas, at constant 
temperature, i.e., 


od = constant = K, ste CEN 


This is Henry’s Law. It may be stated in another form also. The mass of gas 
(m) dissolved in unit volume of the solution is really Proportional to its concentra- 
tion (C,) in solution, whereas the pressure p of the gas is given by p = C,RT, 
[C, being its concentration in the gas phase]. Hence 


Ke mAn k'C, 


D CERT, 
i.e., at const. temperature, G = K (constant) EX2) 
1 


In other words, the concentrations in the gas and solution phases bear a constant 
ratio to one another at a constant temperature. 


If instead of mass or concentration we consider the volume of the gas dissol- 


ved, we have m = x pv = k'pv, where v is the volume of gas dissolved per 


unit volume of the solution. So, 


m  k'p, I. Pt 
dieses Supr 2 Oh v yp — constant EARR (9.3) 


i.e., the volume of gas absorbed is independent of pressure. 
The solubility of a gas in a liquid is often expressed in terms of absorpti 

coefficient o nich i defined as the volume of a gas in c.c. (reduced to 0O) 

and 760 mm) dissolved in one c.c. of the liquid at the given temperat 

the partial pressure of the gas is 760 mm. perature, ivben 


Sometimes the solubility is also given as solubility coefficient (B) which is the 
volume of gas in c.c. dissolved in 1 c.c. of the liquid the volume being measured 


at eqm. temperature T and partial pressure P. The absorption Coefficients of some 
gases in water and alcohol are given here. 


SOLUBILITY OF GASES 


Problem : Calculate the volume of nitrogen dissolved i ; 
; 4 Per litre of wat i : 
20°C, the partial pressure being 0.80. Given Henry’s law constant ara ae PA 
where Xy, is expressed in mol-fractions, N,/4n, = BXIO', 


The mol-fraction Xy, = as = us = 1x10-5 

t ON, 

i.e., IO = 1x10^5, when ny, = 5.56 x 10-* moles 
"N, + -Tg 


<z. Volume of N; dissolved per litre = 5.56 x 10-* x 22400 = 


Henry’s law has been found to be satisfactori! 
especially at low pressures and where the gas and the s 


1245 c.c. at N.T.P. 


ly obeyed in many cases, 
olution behave ideally. 
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When several gases from a mixture are simultaneously being dissolved in a 
solvent, equation (X.1) is valid independently for each gas, p being the partial 
pressure of the gas considered. The Henry's law constant, Kj, is different for different 
gases. 
There are however numerous examples known where experimental results 
diverge widely from the requirements of Henry's law. For the Henry's law to 
hold good, it is essential that the molecular species in the gas and in the solution 
phases must be the same. The deviation from Henry's law therefore occurs when 
the gas molecules in solution undergo association or dissociation. The law also 
fails when the gases or their solutions behave non-ideally, which is often the case 
where the solubility is very high. For example, the solubility of HCI gas in water 
is not governed by Henry's law. HCl gas is highly soluble and the concentrated 
solution departs considerably from ideal behaviour. Moreover almost the whole 
of HCI in solution breaks up into H+ and CI- ions. 

The dissolution. of ammonia gas in water also does not obey Henry's law 
as given in equations (X.1 and X.2). On dissolving, a major portion of ammonia 
molecules unite with H,O to form NH,OH molecules. A portion of the latter 
again dissociates into NH,* and OH- ions. In solution therefore, we have NH; 
molecules, NH,OH molecules and NH;* ions and the following equilibria exist : 


gascous phase : NH, (pressure p) 
A) (B) (C) 
liquid phase : NH; + H,O = NH,OH = NH,*--OH- 
a e Cs (conc.) 


Let p — partial pressure of ammonia, 
C = total conc. of ammonia in soln. analytically determined such that 
C= CE C44 Cs, which are conc. of NH;, NH,OH, and NH,* respectively. 
+. Conc. of undissociated ammonia = C,+C; = C—C; 


(8 
and degree of dissociation, a = T or Cy = aC 


In accordance with Henry’s law, e should be a constant, but this is not experimentally 


observed to be so, due to dissociation occuring in solution. Now, in the strict-sense & should 
1 


be a constant — K 
Again, from eqm. (B), Ca = k’Ci, taking Cy, 0 as constant. 
c Cyt Cn = CHEK'C = CA +k’) = K'C; 


Hence em p. = E = K''' should be a constant. 
Ci+Ca k'C, 
p p p Dile SEM, 
or LE ——— eet 
k G+C, C-C, C-eC C(ü-a) 


’ It is seen that although p/C varies with concentration, p/C(1—«) should be a constant. This 
is indeed confirmed from experiments ; « is measured from electrical conductance : 


NH, in water (100°C) 


(e! p(mm.) ` P[C(1—a) 
7.05 x 10-* 12.9 185 
3530057 6.4 185 
0.214 ,, 0.367 185 
0.107 ,, 0.178 186 


'The influence of temperature on solubility may also be easil 
In general, the solubility of a gas in a liquid decreases with rise eu 


27 
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i i i d m; be the masses 
i an exothermic process. Ata given pressure p, if m, and m; ` 

te ee dissolved per unit volume of the liquid, at temperatures T, and TK, then, 
mjp = K, and m,/p = K 

KINETIC 

K ^om C; 

If AH be the heat-change in the process of solution, supposed to be constant, 

then applying the isochore-relation, we have 


K, A =] 


This is the quantitative relation between Henry's law constant and tempera- 
ture. 


X.3. The Distribution Law. Henry's law is indeed a particular illustration of a 
broad general principle called the Distribution Law established theoretically and 
also. experimentally by Nernst. 

€ have seen in Section IV.57 that if a substance be present in different phases 
in a system at equilibrium, its chemical potential (i.e., the partial molal thermody- 
namic potential) in every phase must be the same. If two phases at eqm. in a system 
be denoted with suffix I and II, then for a given component, 


Gre ora Site .. . (IV.108) 


Now consider a liquid-liquid system, say water and chloroform, to which 
Some iodine is added. Iodine will dissolve partly in water and partly in chloroform. 
The two solutions of iodine will separate at eqm. into two layers. The concentra- 


tions in the two layers are, of course, different. But the chemical potential of 
iodine in the two layers is the same. For iodine, 


Fin water = [Lin chloroform 


Expressing chemical potential in terms of activities, we have 


RT In aZ, = RT Inay+Zy (Z-terms are constants) 


or at const. temperat ci 
perature, d K (constant) e (X4) 
That is, if the activity of a compone 


\ nt in one phase i 
another phase at eqm. is also fixed. In di Paane It fied 


J , its activity in 
lute solutions or in ide 


activities may be replaced by concentrations, So that Sotone 
Gr MOCNE 
an GER. K ney XD) 


where K is called the Distribution coe fficient or Partition coe cie 
p nt of 

between the two solvents at the given temperature. fh the solute 

The concentrations of a solute distributed between two phases 

7 : ME at eqm. a 

constant temperature bear a fixed ratio, This is Nernst Distribution Law. qm. at 

It is hardly necessary to mention that it is the ratio of concentration that 
matters and not the ratio of total amounts of the solute. Of Course, the same units 
of concentration must be used for each solvent. 


Henry's law as algebraically represented by eqn. X.2 is the same as 
to the Distribution law as applied to the distribution of a component i 
we may say, the chemical potential in solution and in gas phase being th 


eqn.X.5 and so conforms 
n a gas-liquid system. Or, 
e same, 


Egas = solution 
or RT In f+zg = RT Ina+z, 
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where f and a are fugacity and activity in the gas and solution phases respectively (eqns. IV.114 
and IV.117). Hence, when T is constant, 


2 constant 
— = constant. 
f 
In ideal cases, a = concentration (m) ; and f = pressure (p), 


m : . 
ie. = = constant, which is Henry’s law. 


Nernst also pointed out an important limitation in the distribution law that it 
is valid only when the molecular species is the same in the two phases. If the solute 
undergoes dissociation or association in any of the phases, the distribution law 
as such will not hold good. Thus if a solute remains unaltered in one solvent and 
undergoes partial dissociation in another, the ratio of total concentrations in the 
two phases will not be constant, but the ratio of concentrations of undissociated 
molecules in the two solvents would be fixed. This may be illustrated with some 
examples. 

(a) Distribution of a solute with same molecular species in two phases. When 
iodine is distributed between carbon disulphide and water, or when HgBr, is 
distributed between water and benzene, there is no change in molecular species 
of the solutes in either solvent, hence 


eer! 
Cu 


This is confirmed from experimental results. 


TABLE 


I; in CS; and H,O (18°C) 


HgBr, in water and benzene (20°C) 


Conc in water |Conc. in benzene) K = C,/C, 


I, in water I; in CS, K = CC; 
C; 


ms per c.c., Ca| gms per c.c.,Cx 


4.1x 107* 0.174 420 322x107? 3.5 x10- 0.90 
3.2 x 10-4 0.129 400 6.3 x 107? 7.15x107? 0.89 
1.6x10-* 0.066 410 11.4x 107? 13.0 x10-? 0.88 
1.0 x 107* 0.041 410 17.0 x10? 19.4 x10- 0.88 


Similar cases are found in the distribution of boric acid in water and amyl 
alcohol, iodine in water and ethyl benzene, phénol in water and amyl alcohol, 
H,O, in water and ether and so on. 

(b) Distribution of a solute which dissociates in one of the phases. Such a situa- 
tion is found in the distribution of oxalic acid between the solvents ether and 
water. In ether layer the molecules of oxalic acid (H,Ox) remains unchanged. 
Suppose its concentration is C1- In aqueous layer, oxalic acid suffers dissociation as, 

H,Ox = Ht+ HOx- 
C(1—2) aC, aC; 


where C, is the total concentration of oxalic acid in the aqueous layer s 
; 3 an 
the cent of dissociation. SEM Tik d d a is 
n such a case C,/C, the ratio of total concentrations would not be 
but the ratio of concentrations of undissociated species in the t: constant 
W 
be constant. o layers should 


ie, Mes) = constant. 
1 
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This is confirmed from experimental results given below. 


TABLE 
7 : " Cet 
DISTRIBUTION OF OXALIC ACID BETWEEN WATER AND ETHER (25°C) 


[ka = 5.36 x10-?** ; oxalic acid distributed between 
50 c.c. water and 200 c.c. ether] 


Initial concentration Conc. in aq. solution 
(e) C; (1—a) 


1.5 0.57 
1.25 0.48 
1.00 0.38 
0.50 0.195 
0.16 


The degree of dissociation (a) is evaluated from a knowledge of ka. (eqn. X11.36). 


(c) Distribution of a solute when it assoctates in one of the phases. When 
to a mixture of benzene and water, it suffers dimerisation 


ut in aqueous layer it remains unchanged (very small ionic 
ored). In the benzene layer, there is a. 


i n equilibrium between 
dimers and the monomers, as 
Z, = 2Z 
C(1—8) 28C, 


t If C, be the total concentration of the acid in benzene la: 
dimers dissociate into single molecules, then 


conc. of double molecules 


yer and f be the degree to which 


= C«1—p) 
and conc. of single molecules = 2C.p 
; 4p1c, 
The eqm. constant is K = 2 2, 
eic uc 
: 1 VK, 
as ually very small, i.e. =. 
as f is usually very ,Le., B WE 
The conc. of single molecules in benzene layer = 28C, = 2VK:C: = kV 
VG, : 
The distribution coefficient will be given by 
K= Cin aqueous layer _ for single molecules 
in benzene layer 
C, Cc? : 
or K= EE or om = constant, when C, = conc. in aqueous layer, 
2 2 


The experimental values are given below for this system, 


TABLE : DISTRIBUTION OF BENZOIC ACID BETWEEN WATER AND BENZENE 
T = 20°C 


gms of acid per gms of acid per 
litre in water litre in benzene 


2.89 97.0 
1.95 41.2 
0.97 10.5 
0.79 73 


* J. L C. S., p. 387, 6, 1955 ; ** Darken, J. Am. C. S., 1941, 63, 1007, 
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In very dilute solutions, the ionic dissociation a in aqueous layer or the decree 
of dissociation £ of dimers in benzene layer will have appreciable values. In 


such a condition 


x a (odor 


In concentrated solutions again, a and B are small but then there would be 
departures from ideality and hence their activities should be determined. It may 
be remembered that thermodynamically the ratio of activities need be constant. 


Many cases are known where the solute is associated in one solvent and dissociated in another. 
For example, picric acid is dissociated in water but remains as dimers in the layer of benzene. 
Lithium chloride distributed between water and amyl alcohol, acetic acid or salicylic acid between 
water and chloroform ete. are other examples. 


X.4. Solvent Extraction. The commonest use of the distribution principle is in the 
extraction of substances by solvents which is often employed both in laboratory 
and in large scale manufacture. Organic compounds are generally much more 
soluble in organic solvents like benzene, chloroform, ether etc. than in water and 
these solvents are immiscible with water. Organic compounds are then quite 
easily separated from the mixture with inorganic compounds in aqueous medium 
by adding benzene, chloroform etc... On shaking these separate into two layers. 
Since organic compounds have their distribution ratio largely in favour of benzene 
phase, more of them would pass into non-aqueous layer. Finally this non-aqueous 
layer is removed and distilled to obtain the purified compound. 

In such solvent extraction it is advantageous to use a given volume of the 
extracting solvent in small lots in successive stages rather than in one whole at a 
time. Suppose a solute A is present in 100 c.c. water and that 100 c.c. of ether 
will be used for its extraction and suppose that the distribution coefficient of 4 
between ether and water is 4, 


À K Conc. of A in ether 
de Conc. of A in water 


(i) When the whole of 100 c.c. ether is used at a time for extraction, suppose 
w, gram of solute pass into ether layer and w, gram left in aqueous layer, so that 


w,{100 _ pn Wee uhr m 
w10 — thee MO» TURA 4 or WW. 5 


This means that 100 c.c. ether has separated $th or 80% of the solute originally 
present. 

(ii) Now let us use 100 c.c. of ether in two successive extractions, usi 
each time. Then in the first stage, » using 50 c.c. 


w,/50 4 We W, 2 
MA E OE SA O e 
Wa 100 We wtw 3 
That is, in the first extraction 2/3rd i.e., 66.7% is ext 
of the original amount is still retained in aqueous PRE Dc 1 [3rd 
Xtraction 


using again 50c.c. ether, we shall futher extract 2/3rd of d 

nal amount. In other words, in two Esci in Wade OA oe of 

can separate (4+4) or $ ie., 88.9% of the original amount of aes 

Thus a two stage extraction is more efficient. If the same 100 the c 

used in four or five lots, a still greater proportion could be extract CR So 
A generalised formula can be easily suggested for the ed. 

unextracted after a given number of operations. Let V c.c. 


the origi- 
ether, we 
ompound. 
lvent were 


* amount remaini 
i ning 
of a solution containing 
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x gms of substance be extracted with L c.c. of a solvent. Let x, gms of substance 
remain unextracted in water layer. Then ` 


Xo—X1 


1 : B E! 
conc. of the substance in solvent — LO and in water — y 


» 
i v 
7. Distribution coefficient, K= ee, 
L 
KV(xo—21) KV 
a brum aene E que 
If second extraction again with L c.c. solvent is made, the quantity unextracted 
would be 
KJ ST TKV KV \3 
DS raat, 1 DU Tames e mo (zz) 


Similarly after n-th extraction, the quantity left behind would be 
KV Y" 
‘Xn = Xo (zy 5A) 
If the entire quantity of the extracting solvent be used in one lot, then unextracted, 
^ KV 
VAM [oca 22. (B) 
Since the quantity within the parantheses is less tha: 


3 n unity, (A) is smaller than 
(B) and xn will be smaller the greater the value of n. Hence it is more economical 
to use the solvent in portions. 


Problem : The partition coefficient of an alkaloid between chloroform and water is 20, the 
alkaloid being more soluble in chloroform, Compare the weights of the alkaloid 
aqueous solution after 100 c.c. containing 1 


remaining in 
à $ on gram has been shaken (a) with 100 c.c. chloroform 
and (5) with two successive quantities of 50 c.c. chloroform. 
Distribution coefficient K =/ - Conc-in water 1 


= ee = 
Conc. in chloroform 20 
(a) When 100 c.c. chloroform is used in one lot, the amount unextracted, 


e oq ERES NES 100 aN ates 
i KV+L} — \3,x100+100 J ^ ios = 09476 gms. 


(b) When 50 c.c. chloroform is used in each of two Stages, the amount uni 


extracted, 
(ERR = (#10 5)? 
YAT KL) 7 Myxioorso) = 3) = 0.0083 gms, 


55 
Problem : An organic compound is extracted from aqueous solution with successive quantities 
of 25 c.c. chloroform. The original volume of solution is 500 c.c. and the distribution Coefficient 
of the compound is 20 between chloroform/water. Cal 


culate the number of extractions needed 
for at least 95% recovery of the compound. 


conc. in water 1 
Ke 


conc. in chloroform ^ 29 
The amount left behind (i.e., 5%) after n 


-th extraction required for Separating the required 
95% is given by 
5 ( KV y l y X500 )’ = E ? 
100 KV+25 vo %500+257 — z) 
log 5/100 
= —— = 43 
or " logi 


` Hence to obtain a minimum of 95% separation we need at least 5 Successive extractions. 
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X.5. Equilibrium Constant from Distribution Coefficient. The knowl istri 
5 sed pue . edge = 
bution coefficient 1s also profitably utilised in the determination of pile gnasi 
X some ee when on of e pen is soluble in two immiscible solvents. 
An apt i ustration is the study © equilibrium betweeen iodin n 
iodide represented as eand siue 
KI +k = KI; 
A solution of KI of known concentration (a) is taken in a stop 
` or Ri 1 oppered 

to which some iodine is added, when a portion of the latter o Abina with OE 
to form pot-triiodide. To this is then added some benzene and the mixture is 
shaken for several hours at constant temperature until equilibrium is reached. 
On standing the mixture separates into two layers of benzene and water and the 
concentration of iodine is determined in both the layers by titration against standard 
thiosulphate. Let 

b — conc. of iodine in benzene layer 
and c = conc. of iodine in aqueous layer. which really is the sum 
tration of free iodine and KI. E OF ange: 

If K be the distribution coefficient of iodine between water and benzene 


K 
(determined separately), then 


C 
K = Gear, cone. in water = Kx conc. i D: 
fontem conc. in benzene = K.b 
Hence the conc. of KT; in aqueous layer — c—Kb. 
^. the conc. of KI (free) in aqueous layer = a—c- Kb. 
We may now say that the equilibrium constant of the reaction, 
Xx = [EK] aa e EKD 
(KHIh] (@—c+Kb)Kb 
the square pracke denote the concentrations in water layer. 
Since all the quantities on the right-hand side are known, the equilibri 
constant is determined. quiero 
Other examples of similar application are found in the equilibria : 


(a) naphthol+ picric acid = naphtholpicrate 


(b) CuSO,+4NH, = CuSO,, 4NH; 
(c) Cl,+H:0 = HCLH-HCIO 


(d) Anilino-+ Hydrogen chloride = aniline hydrochloride, (See Sec, XIII.27). 


THE PHASE RULE 


showed the wide possibility of its application and pointed out its unique i 
e Impor- 


tance. 
The phase rule is a relation between the number of 
components (C) 
» the 


number of phases (P) and the variable paramete 
in equilibrium. It is expressed as p T (F) of a heterogeneous system 


F = C—P+2 | 
It is concerned with effects which changes in pressur t &6) 
tions will have on the equilibria of Beteropfticouy mi d IM concentra- 
t eauty of the 


Phase Rule lies in its extraordinary simplicity and i 

: > : : th å 

its ambit most widely divergent and unrelated e Nei within 
ria. 
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ed to make an approximate derivation of this principle, it is 
SE | Sa es aes the terms involved, namely phases, components 
p SUED TER is defined as a physically distinct but homogeneous part 
ofa system. separated from other parts by boundary surfaces. A heterogeneous 
system is therefore composed of two or more phases. Thus a system containing 
water and its vapour has two phases—the liquid. phase and the vapour phase ; 
each phase is homogeneous and distinct and there is the surface-boundary between 
the two. A gas mixture is always a single phase. Similarly, all homogeneous solu- 
tions are one-phase systems, whatever may be the number óf substances present 
in the same. Every solid, however, constitutes a separate phase. So, when calcium 
carbonate dissociates into calcium oxide and carbon dioxide, there are two solid 
phases—viz. calcium carbonate and calcium oxide—and one gas phase of carbon 
dioxide. That is, it is a three-phase heterogeneous system. Kx 
Components : In dealing with the heterogeneous systems, it is necessary to 
define another term, the components of a system. The minimum number of inde- 
pendent chemical constituents by which the composition of every phase of the system 
cdn be expressed determines the number of 


components. Yt must be clearly under- 
stood that the components of a system are 


not synonymous with the constituents 
of the system. All the constituents need not be components, 


but all the compo- 
nents must be included in the constituents. . 

To illustrate : The system water-water vapour contains only one component. 
Both the phases may be expressed by one chemical individual namely, H,O. It is 
a one-component system. A cane-sugar solution will be a two-component system as 
there are two independent chemical substances which determine the composition 
of the solution, namely, H,O and C,,H,.0,, (cane Sugar). Again, ferric chloride 
and water can give rise to solids like Fe;Cl..12H,0, Fe,Cl,.7H,O, Fe;Cl,.5H,O, 
Fe;Cl,.4H;O and anhydrous Fe,Cl,, as also the solution, ice and the vapour phase. 
But to express the composition 


[ of any phase, two chemical individuals —H,O 
and Fe,Cl,—are only required. It is thus a two-component system. 3 


If a system contains calcium carbonate at a higher temperature, three sub- 
stances are likely to be present in the System viz, calcium carbonate, calcium oxide 


and carbon dioxide. 
CaCO, = Ca0+CO, 


There is however a restriction that the amount of CaO and CO, must be equivalent. 
As such, the composition of any phase can be represented by the concentrations 
of any two of the three individuals ; say, CaO and CO,. The phase calcium car- 
bonate is /CaO --/CO; ; the phase calcium oxide is mCaO --0CO, ; and the gas 
phase carbon dioxide is mCO,+0CaO. Hence, 


dio although three constituents occur 
in the system, it is really a two-component system. 
As a general rule, the number of components (C) is obtai 


the number of restrictions (q) imposed from the total number of individual consti- 
tuents (C’) present in the system ; i.e., C = C'—q. In the case cited above, there 
are three constituents and one restriction (equivalence of CaO and CO,), hence 
the number of components 2» 


C = 3-1 = 2. 


Likewise in a dilute solution of sugar, there is no restriction and there are two 
constituents, therefore number of components, 


C = 2—0 = 2. 


Degrees of Freedom : We shall now consider the eneral ; 
criteria which would govern the equilibria between the diferent pias Neon 
geneous system. Suppose We are to enquire about the conditions which would keep 
a liquid in equilibrium with its vapour. It is a well-known observation that if we 
simply fix the temperature or the pressure, the desired equilibrium will be main- 
tained. This fact may also be thermodynamically arrived at, not only for this 
system but for any multiphase system which may contain a large number of com- 
ponents. The thermodynamic parameter used to define a heterogeneous system 


ned by subtracting 
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are the usual pressure, termperature and volume (or concentration) ; other con- 
ditions such as gravitational field, magnetic field etc. are not taken: into account. 
In this connection, it would be convenient to introduce a new term, namely the 
d UE a system cannot be completely defined until at least F data are 
given, we say that the system has F degrees of freedom. It means that the state of 
the system depends on F independent variables. The number of degrees of freedom 
may then be defined as the number of variables that must be specified in order to define 
the system completely. We can also indicate another definition for the number of 
degrees of freedom. The number of degrees of freedom of a system is the number 
of factors (temperatue, pressure, concentrations etc.) which can be varied indepen- 
dently without altering the number of phases. This may be explained with an illus- 
4 eee pose a gas is enclosed ina cylinder with a movable piston as in Fig. X.1-I. It 
isa ERE sate system. Let the volume of the gas be intentionally kept constant, 
we can now alter the temperature and pressure without altering the number- of 
phases. Instead, if the temperature be fixed, the other two factors pressure and 
v volume can be varied and therefore the state of the system remains undefined. 
But if we fix two of the factors—say, temperature and pressure—then the third 
(volume) is definite. So, by fixing two variable factors, the system is completely 
defined. Such a system in which two factors can-be independently varied without 
changing the number of phases has two degrees of freedom or it is a bi-variant 


system. 


du lg gg t 
41; Á/ 
/, Mig’, 


ete 


Fic. X.1 


i liquid is in contact with its vapour as in Fig. X.1-II. In this 
di Arein! suppose a A ANC or the pressure, the system is defined completely, 
subject to the condition of the co-existence of both the phases. For any given 
temperature, the vapour pressure 1S immediately fixed. If at a fixed temperature, 
pressure is altered, one of the phases would disappear. So, this is a system with 
one independent variable factor or it is a univariant system possessing one degree 
of re r, suppose the system in Fig. X.1-III contains a substance in equilibrium 
in three phases—say, ice, liquid water and water vapour. This is possible at a 
particular pressure and temperature. If we vary any one of these factors, either 
pressure or temperature, one of the phases would disappear. If we lower the tem- 
perature, all liquid will solidify and if we raise the temperature the ice will dis- 
appear. Hence in this case there is no independent variable or it is 4 non-variant 
system, the number of degrees of freedom being Zero. a 
From the thermodynamic standpoint, it would be interestin 
independently variable factors or conditions for a number of co 
in equilibrium in different phases. The answer is provided by th 


g to find out the 
mponents existin: 
€ Phase Rule, 5 


DOD ee 
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ase Rule. The phase rule expresses the condition of equilibrium by 
MEC en the aBer of the co-existing phases and the components, 
Consider a heterogeneous system of P number of phases (denoted by superscripts 
a, b, ... p) containing C number of components (denoted by Subscripts 1, 2, 3, 
m C) in equilibrium. The concentration of any component in the different 
phases may be different. The system is a closed one and it is in mechanical and 
thermal equilibrium, meaning that all the phases are at the same temperature T' 
and under the same pressure P. It may be assumed that there is no chemical reac- 
tion between the substances in the system. 


The chemical potentials (p) of the different components in the P-phases are 
represented as 


BM, pO, ... pO; Ho, po, LL. MD; 

WO, po, ... up DS BO, nu o... up, 

Now, imagine small amounts 

under equilibrium conditions, fro: 
tions would then hold true. 

Gn + dny® + dnyO +... dn = 0 

anf) + dng + dn +... dng) = 0 


(dn moles) of the components. are transferred, 
m one phase to another. The following condi- 


» (%.7) 
di + dn® + e dn =0 
Further, from Gibbs-Duhem relation, at equilibrium we have, 
dG = Xpdn = 0. 
Hence, 
pa( dn + py an 4+... 4 Hy) dn.) 
+ ud? dng $ pO dn) +, + nf? dno 
ES AS Ave 
+ HO dg up dup +... + pw dny) = o a CSE) 
Multiplying equations (X.7) by c-different multipliers (3) we find, 
ddn ® + Aun +... 4 ddn = 0 
Adn + dadn, ©) Cs Loa ddn o) = n 
Soe re ++. (X9) 


Acdn + Acd +... 4 Acdn = 0 


Adding the equations (X.8) and (X.9) we can pick up and 
efficients of each of the dn-terms to zero. The results z Pe nd equate the co- 


would be, 

—A = n9, —A, EO, —À, = py) 

—À, = pe, =À = pO, —À = paf? 

—Àc = 2), An = p®, xg = ro 
That is, pio = pO = = py 
ma = pe) = = pr) 

DE ++» (X10) 

m =p) = 6 = po 


These are the equations of the phase equilibrium. Thus, 


1 : "quii we know from the 
thermodynamic considerations that at equilibrium the chemi 


cal potentials of a 


i SSEPISS:?~C=~CéCr 


: degrees of freedom 
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constituent in all the phases of the system must be the same. Di : 
of course, have dierent chemical potentisli- Different constituents, 
Now, let us first determine the total number of variable fac i ^ 

system. So far as the composition variables are concerned, in e iue Eigen 
have C-components having C different concentrations. But.in a closed s ee 
if we arbitrarily choose concentrations of (C—1) components, the last one R fixed 
by the remainder. So, there are really (C—1) composition variables in each phase 
For all the P-phases. the number of composition variables would be P( £D. 
In addition, there are two other variables, namely, temperature and pressure. 


Hence, 
the total number of variables — P(C—1)4-2 +». (X.11) 


ow many of these variables are already fixed an 

ns (X.10) it is known that if the EIE EEN Oe 
ponent in any of the P-phases be defined, its chemical potentials in the other 
(P—1) phases cannot be varied. The chemical potential is related to the concen- 
trations. As such if the concentration of a component in any one phase be arbitra- 
rily fixed, then the concentrations of the same component in the other (P—1) 
phases would be fixed, i.e., non-variant. For this particular component, (P—1) 
composition variables are fixed. For all the C-components; the number of composi- 
tion variables thus immobilised would be C(P—1). If we subtract this number 
from the total number of possible variables of the system (eqn. X.11), we shall get 
the number of variables of the system, which can be arbitrarily chosen. This 
would represent the number of the degrees of freedom (F) of the system. 


F = P(C—1)+2—C(P—1) 


Next let us see h 
altered. From equatio 


or F = C—P42 2. (K.l2) 
This is the Phase Rule. 
The systems are named univariant, bivariant, trivariant, etc. according as the 


are 1, 2, 3, etc. The phase rule takes into account only the 
variables of temperature, pressure and the composition and the influence of other 
factors such as electric, magnetic, gravitational, surface forces etc. is ignored 
The equation does not depend upon the nature or the amount of the substances. 
It also does not assume anything regarding the constitution of the matter or the 
molecular complexity. The Phase Rule tells us that the systems having the same 
degrees of freedom shall behave in a similar fashion. It thus enables us to classif 

the states of equilibrium. It is immaterial whether the phase-changes in reed 
are chemical or physical, if the number of degrees of freedom be the same, the 
systems shall behave similarly when temperature, pressure and composition (con- 


centrations) are varied. 


To illustrate : We ma 
(i) Water and its vapour 


y take the following three different sys 

(ii) Solid B-tin and its vapour and ii) "es mely, 
carbonate in contact with its dissociated products calcium oxide and ca bA 
dioxide. The last system involves a chemical reaction while the other E rbon 
Physical changes. The details of the systems are : o are 


System Co-existing Number of phases d 
‘ phases and components grees of freedom 
Water and vapour liquid-gas P-e2,C21 hug 

Tin and its vapour solid-gas P=2,C=1 F= uui 3$. 
Calcium carbonate solids-gas P=3,C=2 FESS = ) 


een previously that the number of l 

system in which calcium carbonate 2 hicsnapa is two. Components in the 
Now all the systems, in accordance with the phase rule, a ivari 

hence all of them are expected to behave similarly. The experimentally En 


We have already $ 
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variation of vapour pressures with temperatures for the three systems are given 
in Figs. X.2 (a, b, c). 


mm 
760 
P -Tin 
water 
t vap 
P t 
lg P Solid 
Vap 
o To 100 


232 
Fic. X.2(a) Water and its vapour 


800 tT 900 
(c) Dissociation of CaCO, 


A and B react, the law of mass action would giv 
equilibrium concentrations but the law cannot Predict if any compound AzBy 
has been formed as a new phase or not. The Phas 

in the practical field such as in the isolation of salt 
alloys, etc. It helps in the adjustment of temperature, composition, etc, to obtain 
a desired product. The preparation of potassium chloride from Stassfurt deposits 
is an outstanding example. 


X.8. The Phase Rule for Systems with Reactive Components, 
equation of the phase rule (eqn. X.12), it was tacitly supposed tha 
do not undergo any chemical reaction between them. But in the 
ponents (or some of them) undergoing chemical changes between one another 
the equation has to be modified. It was seen that at equilibrium, the composition 
variables were governed by the equality of the chemical potentials of a component 
existing in different phases (eqn. X.10). Now, if there is a Teaction between the 
components, then apart from the fixed composition Variables indicated above, 
other conditions are also superimposed. For a given concentration of a component 
involved in a chemical reaction, the concentrations of the other components 
participating in the same will become fixed or invariant. That amounts to the 
imposition of some additional restrictions on 


ad the composition variables, The 
number of such restriction depends on the number of Teactants and resultants. 


In deducing the - 
t the components 
event of the com- 
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1f Q denotes such restrictions, the number of degrees of freedom will be dimini 
by the number Q. Therefore, in such a case, the degrees of freedom e 
y 
F = [C'—P+2]—Q EREET) 


where C' is the total number of constituents in the system. 

It means that the general phase-rule equation may be used if we assume in 
such reactive systems the number of components reduced by the number of restric- 
ions. 


That is, F = C—P42, where C = C'—Q. 


j As an example let us consider a system in which the phase changes are the same as occurin; 
in the upper part of the blast furnace of iron. The iron oxide (Fe;O;) is reduced by carbon nos 
oxide. There is no liquid phase. We may consider this as a system containing Fe, FeO, Fe;C. 
and CO, CO, and air (O;4-N;). The total number of phases in the system is four—one eme oos 
and three distinct solid phases. There are, however, the following reactions. 


Fe,0;+CO = 2FeO+CO, 
FeO--CO = Fe+CO, 
CO+40, = CO, 


There are as many as seven constituents but the number of components, in accordance with the 
phase rule, will be restricted by three chemical equations. So 


the number of components = 7—3 = 4 
The degrees of freedom will be 
F= C—P+2 = 4-442 = 2 
Hence, the system would be bivariant. But if air were absent or only pure oxygen were present 
(assuming the closed system in eqm.), the system would be univariant. 
F = 3-442 = 1 


ns, there may arise other conditions which would 
bles. For example, if a system be at the critical 
dentical. In this case, the number of degrees 


Besides the chemical reactio 
restrict the number of free varia ] 
point, the liquid and vapour phases are ! 
of freedom would be 

F = C—P42—Q 

= 1242-1 = 0 
ould be an invariant point. oI 
Similarly, in a binary azeotropic liquid mixture, it is found that the composi- 


tions of the vapour phase and the liquid phase are the same. Hence there is an 
identity and so restriction, Q = 1- The number of degrees of freedom would be, 


F = C-P42-Q = 2-242-1 = 1 


nivariant one. The azeotropic mixture would distil ¿ 
e is maintained constant. (Sec X.19), istil at a 


ie., the critical state W 


The system would be a u 
fixed temperature when the pressur 


The effect of changes in temperature, or in pressure or 


composition on the changes of phase, inva: system) can be easily under 

vi these are graphically represented. The conditions under which the differen 
phases can co-exist are conveniently described by graphs called phase dia E 
That is why phase diagrams are universally employed in the application Record 
rule to heterogeneous systems. When there are only two variables, such as as ase 
and temperature, or temperature and concentration, rectangular co DEM 


X.9. Phase Diagrams. 


F :3 Al ordi 

used. But when three variables are concerned, solid diagrams are dea o are 

not a variable since phase diagrams are concerned with systems a d i. is 

f the components are also not of any importance [es ria, 
eir 


The total quantities of t : l 
concentrations are. A number of phase diagrams of different types will be illus 


trated in the pages following. But a few elementary facts may be mentioned here 


D j 
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f transition from one phase to 
The effect of pressure on the temperature o 1 
another of a substance is governed by Clapeyron equation. 
dP AH _ AS 
dT  T.AV AV 


In other words, a plot of P vs T would give the conditions of equilibrium 
between two phases, say, between gas-liquid, or liquid-vapour, etc. Let us consider 
ommon changes of state : bed T 
d a) Liquid-vapour equilibrium. In the change of a liquid into vapour, AS is 


<- a (X14) 


positive. Further Vyap 2» Viiquia, ie., AV is positive. Hence Es will be a posi- 


tive quantity i.e., o will have a positive slope, as shown in (I) of Fig. X.2d. 


The molar entropy change AS in vaporisation of a liquid is of the order of 10 e.u. and the volume 
change 1X 10* c.c./mole. Hence 


dP AS 10 


Tm ae eae 10-? cal. deg-! c.c. = 0.04 atm/deg. 


(b) Sotid-vapour equilibrium. Yn the sublimation of a soli 


) Ur lid into vapour, similar 
conditions prevail. Both AS and AV are positive, AV is 


practically the same 


as in case (a), but AS would be larger. Hence a will be positive and will have 


a steeper slope compared to that of liquid-vapour equilibrium. 
(c) Solid-liquid equilibrium. Yn the fusion of a solid, AS is positive. 


i AV is 
also positive in most cases but may also be negative in some cases as in ic 


e-water 
dP EN E 
system. Hence ap may have a positive slope or may have a Negative slope. 


The value of AS in fusion is of the order of 5 e.u. 


per mole and AV is usually of the order of 
+5c.c. Therefore, 
dP = + AS e Æ lcalc.c.~ degree! = + 40 
E RENE + LG. = + 40 atm/degree, 
oT 


or J2 = + 0.02 degree/atmosphere. 


This means that change of | atmos 
temperature by only about 0.02 degree. That is the slo 


1 curve for 
fusion I$ very large, almost vertical, as 
shown in (Ili) of Fig. X 2 j 


LIQUID 


PRESSURE 


Points on the right 
phase and points 


: - diagrams are 
TEMPERATURE ———> classified on the basis of 5. 


Fic. X.2(d) ne component 


System, etc. 
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ONE COMPONENT SYSTEMS 


X.10. The System, H,O. One component systems shall i 
» HO. ] comprise of Z 
stane gay The ane and a typical camne will be that ofa TER pr s 
. Under ordinary circumstances there are t i i 
ERRE re three possible phases, ice, water 
(a) If the system consists of only one phase, say vapour, then 


jo E (efte) qe Tuto, ele 


the system would be bivariant according to the Phase Rul i 
t 0 e. That is, bot 
end Sopa oe can be varied simultaneously without any change peur 
or both the pressure and temperature variables must be determi 
Beer the Seem rmined to define the 
(b) Ifthe system contains two phases in equilibrium, sa i 
) ) , Say, water and i 
or say ice and water, or ice and vapour, the system would be a MEATY ORE Pos 


F C—P+2 1—24-2 1; 
i.e., the equilibrium between the two phases would be known if onl 
Ree RN i nly the temperature 
The truth of the above predictions of the Phase Rule is borne e 
phase-diagram of water as given in Fig. X.3. The line OA is the Heels es 


curve for water, the vapour 
pressure increasing with rise 
in temperature. The points 
on this line show the pressure 
of water vapour under which 
water and its vapour can 
exist in equilibrium at differ- 
ent temperatures. This curve 
OA then represents the uni- 
variant states of the system 
water/vapour. For any given 
temperature, equilibrium va- 
pour pressure is fixed, i.e., 
there is one variable only. 
For any point x above O4. 
the system would be liquid 
water. If the pressure 1S 
lowered at constant tempera- 
ture, the vapour phase would 
appear at the point y. On 
further lowering of pressure, 


PRESSURE 


to z, the system would be TEMPERATURE - > 
completely vapour (temp. re- Fic. X.3 The phase-diz 
maining constant). Hence 1a. 2-3 Mhie phase diagtamífor water (not to scale) 


OA in the phase diagram is the demarcation or boundary line betw 

water and its vapour. ens f een two phases, 
There is however an upper limit for OA terminating at A, its critics 

when the liquid phase is no longer distinguishable from vapour ph b ical state, 

ordinates of A are p = 218 atm and t = 374°C. Phase. The co- 
Similarly the curve OB denotes the vapour-pressure curve -of i 

appropriately the sublimation pressure-temp. curve for ice. It Se Ep more 

apour- 


pressures under which ice is in equilibrium with its vapour at different temp 
eratures. 
ur. The slope of 


This curve is also the line of demarcation between ice and vapo 
OB is however steeper than that of OA, as has been pointed ^ 1 
section. ; A ut in the previous 
On the other hand, OC is the freezing point curve indicati ; 
at different temperatures between ice and water. The line has g eee 
ative slope, 


ie. melting point is lowered with increase in pressure, th T 
being less than that of water. » the density of solid ice 


= E 
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Each of the three lines OA, OB and OC indicates the two-phase equilibria 
and represents univariant states. The areas enclosed between these lines represent 
regions of a single phase i.e., bivariant states of the system. Thus the region 40B 
is vapour, BOC ice and COA water. | [ 

The point O, where the three lines meet, all the three phases, ice, water and 
vapour should co-exist. This is called a triple point. The pressure at this point 
has been found to be 4.58 mm. The freezing point of water is 0°C under 760 mm 
préssure, and from Clapeyron equation, the freezing point changes by 1? when 
pressure is changed by about 140 atmospheres. Hence at 4.58 mm the freezing 
point will be raised to +.0075°. That is, the triple point has p = 4.58 mm, 

11—310:00752 C: * : 

Since there are three phases, we have 


F = 1-342 =0 
i.e., the system is non-variant at the triple point. If either the temperature or the 
pressure is changed, the three phases would not co-exist, one of the phases would 
disappear. 

It is however possible to cool water below its freezing point without solidi- 
fication. The liquid below its freezing point is said to remain in supercooled state. 
This supercooled state is not quite stable and it is usually described as a metastable 
state. The supercooled water has also its vapour pressure which changes with 
temperature. The vapour pressure curve of supercooled water is given by OD 
(the dotted line in the figure) which is a continuation of AO. The line OD is above 
OB, the vapour pressure curve of ice, indicating that the metastable supercooled 


water has a higher vapour pressure than the stable solid state at a given tempera- 
ture. It is a general principle, that “the vapour pressure of the metastable phase 
is greater than that of the stable phase" . 


Different Forms of Ice. A careful study of the freezing of water under very high pressures 
up to 50000 atmospheres by Tamman and by Bridgman revealed the existence of several forms 
of ice other than the ordinary ice (called Ice 1) there are at least six other forms of ice stable under 
different conditions of temperature and pressure. These polymorphic forms of ice are called Ice 
I to Ice VII. (Ice IV, not being satisfactorily confirmed). The different forms of ice differ in crys- 
talline structure, density and other physical properties. The Pressures and temperatures govern- 
ing their existence are indicated in the phase diagram Fig. X.4. These curves reveal that at certain 


30 


24 


18 


12 


P in 103 atm 


-40* 0 


Temperature 


100°C 


Fic. X.4 The polymorphic forms of Ice (not to scale) 


*Pure water actually freezes at 0.0024°C under 1 atmosphere, hence the experimental value 
of triple point is 0.0075-1-0.0024 = 0.0099*C. 
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points of intersection three phases can co-exist, either three forms of ice or two forms of ice and 
liquid water. These are triple points and invariant for the system. More than three phases cannot 
remain together in equilibrium. It is indeed astonishing that under very high pressures (above 


25000 atm) Ice VII melts at about 100°C. 


X.11. The System, CO,. The phase-diagram for carbon dioxide is quite similar 
to that of water as shown in Fig. X.5. OA is the eqm. vapour-pressure-temperature 
curve for the liquid and gaseous carbon dioxide. OB is the freezing point curve 
of liquid carbon dioxide under different pressures and OC is the vapour pressure 
curve of solid CO;. 4 

The points on these lines stand for co-existence of two phases solid-liquid, 
liquid-gas or solid-gas and hence these lines represent univariant systems. The 
points within the areas or regions AOB, BOC, COA indicate the existence of one 
phase only namely liquid, solid and gas respectively. The areas are bivariant, i.e., 
both pressure and temperature have to be specified to describe the state. 

The curve OA has its upper limit at its critical point, p = 73 atm. ; t = 31.2°C, 


Bb 


w P in atmos 


—78 -566 t'(g)— 


Fic. X.5 The phase diagram for CO; (not to scale) 


1 ; where the three phases can co-exist, is as usual non-variant, 
ch The triple point e ec ene eee boe eee 
Will reveal that liquid carbon dioxide cannot m at any pressure below 5 atmos- 
pheres. This has a far-reaching consequence. Men deno have solid CO, at 
atmospheric pressure at very low temperature B ceteram BOUE pressure 
the teriperature is raised gradually, the soli y E rd x to "b" where 
it would be a gas, without melting ^» without passing through the liquid state, 


In imation would occur. , . : 
The words gare exerted py a solid is usually small. In some solids such as 


t ordinary t 
mas dine etc. the vapour pressure even a ry tempera- 
poseen MEM. ^ foem raba 
Of a solid reaches the atmospheric pres z d reaches its melting 
RUN. : before melting or sublimation would 
pt. the solid will then vaporise away °° nd to sublime. Generall ae e 
In other words such solids wo ibe tous sal apie ian When 
the triple-poi S higher than the external pressure on the system, then the 
te ppt presare ME das eel reme sere ei ml 
and consequently sublimation occurs. 
ider the phase di 
X.12. The System, Sulphur. We May next consi P: agram of sulphur 
Nut, Dr Stem Satan dus E D tar, Sulphur, does 
occur in different forms, some © i e. Broadly we 
Tecognise four phases of sulphur, nancy qe sulphur (S,), (b) Mono- 
clinic sulphur (Sg), (c) liquid sulphur and (d) sulphur vapour. 
28 B 
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With these four phases of sulphur, the Phase rule would lead to the following 
predictions as to the possible systems that would be in equilibrium. 
(a) A system with all the four phases cannot exist. For in that case, 
F C—P+2 1—4+2 1» 
the degree of freedom becomes negative, which has no meaning. 


(b) There are four possibilities of three phases out of four co-existing at 
eqm., which are 


G) S,—Ss—liq (ii) S, —Sg—vapour (iii) S, —liq—vapour (iv) Sj—liq—vapour 
For each of these systems, F = C—P--2 —1—342 = 0 
i.e., non-variant, in which all parameters are fixed. Hence such Systems are repre- 
sented by points. Four such triple points are thus expected. 
(c) Six possible systems of two-phases are realisable, namely 
(i) Sa—S, (i) S,—liq. (iii) S,—vapour 
(iv) Sg—liq. (v) Ss—vap. (vi) liquid —vapour. 
,. In each case, F = C—P+2 = 1—2+2 = 1, the system would be univariant, 
diagrammatically expressed by six lines. 
(d) When only one phase occurs, the system would be bivariant, F = 2, 
and there shall be four areas in the phase diagram to represent the four phases. 
All the expectations have been experimentally realised and are shown in the 
phase-diagram, Fig. X.6. 


2 
E] 
3 Rhombic 
a 
E 
1 Vapour 
Temp———> 
Fic. X.6 Phase diagram of sulphur (not to Scale) 
A o (c) D 
Co-ordinates : Pr. 0.025 mm — 0.01 mm 1290 atm 
A H 0.03 
1°(C) 120 95.5° 151° a 


The curve BO shows the change of vapour-pressure of 
change in temperature. The curve OA shows the vapour- 
sulphur at different temperatures. These two curves intersec 
At O, the three phases rhombic, monoclinic solids and t 


rhombic sulphur with 
Pressure of monoclinic 
tat O where t =95.5°C, 
he vapour can exist in 
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equilibrium with one another and this is a triple point for thes 

This point is also known as the transition E for the esr ee 
Sa = Sp. If S, be rapidly heated beyond 95.5°C without permitting sufficient 
time for transformation into Sg, the rhombic sulphur will remain in metastable 
state and the vapour pressure will change along QD, which is above the curve for 
stable state OA. With time S, will change into Sg. Similarly if Sg is cooled below 
95.5°C, its vapour pressure will change along OY. Sj is metastable below 95.5°C 
and will slowly change into Sa. Above the transition temperature one form is 
stable and below the transition temperature the other form. 

The upper limit of the vapour pressure curve of monoclinic sulphur is A 
where it melts into liquid sulphur (p = 0.025 mm) at 120°C and AE is the vapour 
pressure curve of liquid sulphur. Since OA and AE intersect at A, the three phases 
Sg, liquid and vapour can exist-in equilibrium at this point. That is, 4 is a triple 


point for S,-liq-vapour. 


Again, the change in melting point of monoclinic sulphur into liquid with 


increase in pressure, governed by Clapeyron relation, is represented by AC. At 
any point on this line AC, monoclinic and liquid sulphur are in equilibrium forming 
univariant systems. This is identical to ice-water equilibrium. 

Similarly the curve OC indicates the changes in transition temperature of 
S, = S, with increase in pressure. Every point on this line indicates a univariant 
system of two solid phases S, and Sj. The transition of rhombic to monoclinic 
sulphur is accompanied by an increase in volume, Av = 0.01395 c.c./gm. Hence, 
from Clapeyron equation, transition point is increased by increase of pressure, 


AT = 0.04°/atmosphere. : 

At C, where AC and OC intersect, we have a third triple point. At this point 
Sa Sp and liquid sulphur can remain in equilibrium with one another, (p — 1290 
atm., t = 151°C). Beyond this point, the monoclinic sulphur cannot exist. The 
occurrence of monoclinic sulphur is thus restricted within the region AOC. 

Liquid sulphur when supercooled has a vapour pressure curve (for such meta- 
stable condition) along AD, a continuation of EA. The vapour-pressure curve of 
metastable S, is OD. These two intersect at D, (t = 114°C) where sulphur vapour, 
liquid sulphur and rhombic sulphur would co-exist. This is the fourth triple point, 
S,-liq-vapour. The line DC represents the change of freezing temperature of liquid 
to rhombic sulphur with increase in pressure. The point D is indeed a metastable 
triple-point and can be experimentally realised only under carefully manipulated 
conditions. 

There are thus four triple points at O, A, C and at D. The lines representing 
univariant two-phase systems are BO (S,/vap), OA (S,/vap), AE (liq/vap), AC 
(Sg/liq), OC (Sa/Sa), DC (S,/liq). , à r 

These six lines have divided the whole diagram into four regions of bivariant 
systems containing a single phase : areas BOAE (vapour), CAE (liquid), COA (Sẹ), 


BOC (Sa). 


Enantiotropy 2 
of carbon. The plag 


nd Monotropy. Lavoisier recognised that diamond was a form 
ue of tin was known from very early times. In the last century 
Mitscherlich prepared sulphur in two distinct forms—rhombic and monoclinic. 
It was Berzelius who first used the term ‘allotropy’ when an element was found to 
exist in two or more forms possessing different properties. Later Ostwald included 
compounds also aa eps allotropism as the phenomenon in which a substance. 
element or compound, cou exist in two or more forms exhibiting di Sor 
physical or chemical. g different properties, 

In the case of solid allotropes, the term polymorphism is m. 

: : : papi ore com: 

A solid which occurs in two forms is said to be dimorphous, in three ae Te 
etc. Broadly, three types of allotropism are recognised : ( p : 

(i) Enantiotropy (ii) Monotropy and (iii) Dynamic allotropy, 

(i) Enantiotropy. When the two forms are stable at different 
perature, it 1s said to be enantiotropic. Each form is stable in a t rangos of tem- 
range. One form is stable. below and the other form above t E = temperature 
perature and the transformation from one to the other is reversible d ps 


—A^—^——————————————— 
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i iti oint is below the melting point of the substance, 
ES Heer pur) pn realised under atmospheric pressure. Such eie 
of atiottony is found in S, and Sg, grey and white tin, ammon. chloride, Te an 
E llow mercuric iodide, etc. The typical vapour pressure curves of the two so i 
forms and the liquid of an enantiotrope would be of the nature as given in Fig. X.7, 
in which the data for sulphur have been used. 


pressure 


Vapour 


956? 4:59 120° 444° 
Temperature 


Fic. X.7 Enantiotropy : S, and Sp (not to scale) 


(ii) Monotropy. In monotropic substances, one form is metastable and has 

a tendency to pass into the stable form under all circumstances. The change takes 
place in one direction and is irreversi- 

ble. The vapour pressure of the meta- 
stable form is higher than that of the 
stable form (Fig. X.8). The transition 


Vapour pressure 


and red phosphorus, a- and B-benzo- 
phenone, aragonite calcite (CaCo,), 
etc. 


T typic: 5 à 
Temperature he typical vap-pressure/temp 


diagram is given in Fig. X.8. 44M, 
Fic. X.8 Monotropy Iepresents vap-pressure change with 
., temp. of the stable form melting at Mj, 
M,L is the vap-pressure curve of liquid. 4,M, is the Vap-pressure curve of the 
metastable form melting at M;. The point of 


in intersection. of AM, and A.M, 
(extrapolated) would have been the transition p 


t oint T but it is higher than m.pt 
of stable variety and cannot be experimentally determined. 


(iii) Dynamic allotropy. In dynamic allotropism, 
same phase, i.e., the system would be homogeneous 
One form changes into the other at exactly the same r 
Both the forms are stable over a considerable range 
no transition point, the composition varies with temper, e l 
tropy is observed with liquid sulphur. On melting, sulphur is present as S. With 
ise in temperdture proportion of the other form S, begins to increase. There is 
ri uilibrium, S, = Sy. In sulphur the dynamic allotropy is Supposed to be 
a p differ en la arrangement. Dynamic allotropism may also arise through 
vd merism as in oxygen/ozone, or for other reasons, as in ortho/para hydrogen 
Md it is due to opposite spinning of the nuclei. 


two forms remain in the 
either liquid or gaseous. 
ate as the reverse process. 
of temperature. There is 
ature. Such dynamic allo- 
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- TWO COMPONENT SYSTEMS 


The two component systems may occur in such a large number of types that even 
a proper and satisfactory classification of these systems seems difficult. We shall 
consider here some typical and common systems occurring in 


(a) liquid-liquid phases 

(b) liquid-vapour phases 

(c) liquid-solid phases 
and (d) gas-solid phases. 


SYSTEMS WITH LIQUID-LIQUID PHASES 


When water is added to alcohol, the two liquids are completely miscible in all 
proportion and form a homogeneous solution. When water is added to, say, nitro- 
benzene scarcely any nitrobenzene will dissolve in water or any water in nitroben- 
zene. The two liquids will exist in separate layers ; the liquid pair is immiscible. 
But if we add some phenol to water, first phenol will be dissolved in water but 
as the amount of added phenol increases, phenol will form a separate layer. 
In fact the water layer will contain dissolved phenol and the phenol layer will also 
have appreciable amount of dissolved water. Such liquids are partially miscible. 
When two such partially miscible liquids (4 & B) are brought together in appre- 
ciable amounts we have two saturated solutions in two layers—one of A in B and 
another of B in A—at equilibrium. These two solutions are described as conjugate 
solutions. 

The study of miscibility of partially miscible liquid pairs are quite interesting. 
It is usually convenient to study such miscibilities under the external atmospheric 
pressure which is taken as constant and much higher than the vapour pressure 
of the components. As such in such studies of miscibility under constant pressure, 
the vapour phase is ignored. The mutual solubilities of liquids are represented 


graphically in a temperature-composition diagram. 


Water. In Fig. X.9, ABis the, solubility curve of phenol 
in water. It gives the percentage of phenol dissolved in water at different tempera- 
tures, the solubility rising with temperature. On the other hand when water ig 


added to phenol slowly, small amounts 
of water are immediately dissolved but 
when the amount of added water 1s 
increased, the limit of saturation is 
reached and water forms a separate 
layer. The solubility curve of water In 
phenol is given by CB, the solubility 
again increasing with temperature. The 
two solubility curves meet at B (temp. 
66°C, 33% phenol). 

At one ME Ca (say 40°), 
if we have x percent phenol in Water, it 
will be completely miscible and a homo- 
geneous solution will result. Keeping the 
temperature constant, if we go on 1n- 
creasing the amount of phenol, 


X.13. System : Phenol and 


bility limit /, will be reached. Any 20 40 
further addition of phenol will glve wt. % piste PENA 
rise to two separate layers ; (a) water 


in phenol layer and (b) phenol in water FIG. X.9 Water and phenol (miscibility) 
layer. That is, on the left of I, à polt i i 

will correspond to homogeneous solution anc on the right a point would indi 
existence of heterogeneous system of two layers or phases. This is neu 
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ints i . AB is thus the boundary between homogeneous and heterogeneous 
pe a the system. Similarly at 40°C if we take y percent water in phenol 
then it would be dissolved fully to produce homogeneous solution. Increased 
amounts of water, at const. temperature, will lead to the limiting solubility /,, 
beyond which two heterogeneous phases of conjugate solutions would appear. 
So BC is a boundary on the left of which heterogeneous equilibria would exist 
and on the right homogeneous. That is, any composition indicated by a point 
within the area ABC will correspond to heterogeneous phases, whereas any com- 
position indicted by a point outside ABC would lead to the occurrence of homo- 
geneous equilibrium. 
Thus at 40°C if a mixture of 50% water and 50% phenol be shaken and 
allowed to settle, the two conjugate solutions will separate : one layer having 


composition as at /, and the other layer with composition as at /;. The relative 
amounts of the two layérs is given by the ratio, ol,/ol;. 


These amounts of the conjugate solutions may be easily calculated, For the 50% phenol- 
water mixture, the compositions of the two liquid layers observed are 9.2% and 65.0% phenol. 


Let q be the weight of aqueous layer in 100 gms of the mixture and hence (100—4) is the weight 
of phenolic layer. Evidently 


92 65 
qx Too * 490-0) 100 ^ 50 


whence the amount of aqueous layer, q — 26.8 gms. 


It is also evident that at any temperature above that of B, the t iqui 
would be, miscible in all proporti i i uds 


be, miscibl ons. This highest temperature above which com- 
plete miscibility in all proportions takes place is called upper consolute temperature 
or critical solution temperature. 

In studying these solubilities, the 


dying th i pressure is always kept constant. i 
thus a restriction, i.e., one variable is fixed. Hence, F ELI nt dihereris 


For the homogeneous phase of the two component liquids, 


F = 2-141 = 2. 


It would be a bivariant system. So for homogeneous i F 
. S ji . 
and temperature have to be defined. à o'utions both composition 


For the heterogeneous equilibri TE S i 
Montis. quilt rium of the two liquids forming conjugate 


i.e., the system would behave as a univariant one. So if either the tempe 
the composition be fixed, the other would be automatically fum Ben te 
diagram. 


At the critical solution temperature (B), there is one more addition. E 

fein EN 2 3 al co 

(or restriction) that composition of the two conjugate solutions must eon 
same. 


Hence F = 2-2+1-1 = 0 
Hence, the point B at the critical solution temperature is a non-variant point 
Many other liquid pairs behave like phenol-water system showing upper Consolute tempera- 
tures, (Critical solution temp. given in bracket), such as ; pe 
(a) Aniline/hexane (t = 59.6°C) (d) Cyclohexane/methyl alcohol (r = 49°C) 
(b) Phenol/isopentane (t = 63.5°C) (e) Bi/Zinc (t — 850*C) 
(c) CS,/CH,OH (t = 40.5*C) (f) Aniline/water (t = 167°C) 
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X.14. The System : Water and Triethylamine. The t-c diagram. of t 

bilities of these two liquids is given in Fig. X.10. AB iS the ee Per n. 
triethylamine in water and CB that of water in 
triethylamine. In both cases, the solubilities 
decrease with rise in temperature. The two 
solubility curves become almost horizontal at 
about 18.5°C and practically merge at this tem- 
perature. As in the previous case, any point with- 
in ABC corresponds to heterogeneity of the 
system while outside ABC, the system would be 
homogeneous. Below the temperature of that of 
B, the two liquids are miscible in all proportions. 
The system has thus a lower consolute tempera- 
ture or critical solution temperature instead of 
an upper one. 


50 


2 Layers 
[ 


TEMPERATURE °C. ——> 


e 


| 

I 

l 

There are other liquid pairs which have 1 thar 

lower critical solution temperatures such as: t 
araldehyde/water ; dieth lamine/water, etc. 

y yde/ Y l 9 ej7RiETHYLAMINE "00 


X.15. The system : Water and Nicotine. There Fic 
are cases where the mutual solubility curve 1s om dis erp 
a closed one having both an upper critical ility) 

^ | solution temperature and a lower critical solu- 


tion temperature. Such is the .system of water 
and nicotine. The miscibility curves of this pair 
are represented in Fig. X.11. Above 208°C as 
also below 61°C, the two liquids are miscible in 
all proportions. These are the upper and the 
lower critical solution temperatures. In between 
these two temperatures with appreciable amounts 
of the components there would occur heterogene- 
ous phases of two conjugate solutions. Other 
systems of this type are : 

(a) Methyl ethyl ketone/water (133°/—6°C) 

(b) Glycerol/m-toluidine (120°/7°C) 

(c) B-picoline/water (153°/49°C) 


ny 
e 


150 


TEMPERATURE °C. —> 


100 X.16. Influence of Foreign Substances on Critical 
Solution Temperature. The critical solution 

i temperature is very sensitive to the presence of 
Fic. X.11 Water and Nicotine any impurity Or foreign substance. The critical 
(miscibility) solution temperature of phenol-water system 

would. be raised by 20°40 naphthalene be added to make a concentration of only 
0.1M. Again, the critical solution temperature (4°C) of the system acetic acid/cyclo- 
hexane is raised by about 18° when 1% water is present in the acetic acid. This 
fact is utilised in ascertaining the presence, and even the amount, of impurities 
occurring in a sample. For example, petrol and aniline have a known C.S.T 
To find out the presence and to estimate the added aromatic hydrocarbons to 
petrol, C.S.T. is determined with aniline/sample of petrol, and the increase is 
noted. The amount of impurity 1S estimated from this increase. Generally critical 
solution temperature is raised by an impurity if the latter is soluble in one of the 
liquids only. The C.S.T. is lowered when a third substance present is soluble in 
both the liquids. The use of soap increases the mutual solubilities of cresols and 
water and enables us to obtain clear commercial preparations of disinfectant 


solutions like lysols at ordinary temperatures. 
SYSTEMS WITH LIQUID AND VAPOUR PHASES 


0 
fo NICOTINE 


The equilibria between liquid and vapour phases for two component 
can be conveniently studied if we consider separately the systems ee 
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int (O) will be in equilibrium with a vapour-phase of the same composi- 
ons P O eed of the vapour and solution are identical. The diagrams of 
types II and HI are thus made up of two portions : namely (i) one between pure 
component A and a solution of maximum or minimum vap-pressure and (ii) the 
other between pure component B and a solution of maximum or minimum vapour 
ressure. 
P In type H liquid mixtures having composition between A and O will have 
vapours richer in B than that in solution ie., a liquid-composition x will be in 
equilibrium with vapour-composition x'. But for liquid mixtures having composi- 
tions between O and B will have vapours richer in A as compared to that in solution. 
So a liquid-composition y will be in equilibrium with vapour-composition y. 
Similar findings are also there in type III systems. Liquid mixtures between 
A and O will have vapours poorer in B than that in solution, as indicated by x and 
x'. But liquid mixtures between O and B will be richer in B in vapour state than 


that in solution. Thus, a liquid composition y will be in equilibrium with vapour 
composition y'. 


g the components of miscible binary liquids. 
(Oba parately. 

iling pt.-Compositi i 

X.19. ALB is the b. pt-liquid conteram 


n eqm. will have composition z. 
T Constant 
T 
T B 
ua 
^ i d 
3 
$ 
è 
3 
B 
9 x mn L3 5 Ch, OH ox 
; Welght percent 
(a) (5) 


(c) 
Fia. X.19. (a) B. pt.-composition diagram (b) Vap-Pr.-composition 


: ae diagram (Type 
H,0/CH,OH (c) Ratio of distillate to residue on distillation r hem) 


On removing this vapour and condensing, ali 


É de quid of compositi : 5 
On repeating this process of boiling and cond Position z will be obtained. 


lensing in successive i i- 
mately the pure component B would be obtained. ENCORE 


à In the residual liqui d 
ponent A would gradually be increasing. The tw ual liquids the com 


o liquids can thus be s arated 
from such a mixture of type I. The. tedious Process of successive a 
and condensation is in practice avoided by using a fractionating column in 


distillation. 


OO 
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Fractional distillation. A common fractionating column used in laboratory is a fairly long 
glass tube fitted vertically above the distilling flask and packed with glass beads (Fig. X.20). When 
the liquid mixture boils, the vapour rises up in the column and progressively cools as it goes higher 


60 


704 


<«— (Temp) 


100 


Fio. X.20 Representation of fractional distillation in a column 


: rt with H,O-CH;OH mixture in the flask having about 10% methylal. 
war team having Me comen x, When has uo 
iB o cotum tatit polnt lai portion will condense and the vapour (say at 85°C) will have the 
composition xs. As more hot vapour goes up, this condensed liquid 
boils and at the point As (relatively cooler) a condensate is obtained 
(say at 80°C) in eqm. with a vapour having composition xs. In its 
turn this liquid will also boil when higher temperature vapours come 
up from below producing vapours richer in CH,OH. Ultimately the 
point A, is reached when the temperature 1$ 66° or less, the condensate 
will be in equilibrium with pure CH;OB, s EE 
An upward flow of the vapour and opposite. downward flow of the 
liquid helps the separation. The efficiency is increased if the Process 
is carried out slowly and large surface areas are allowed for attaining 
equilibria at different points by using glass beads etc. anailaree sone 


fractionation, instead of a column à tower is used which is divided 
into a number of compartments by plates set one above the other. 
These plates have central openings covered by loose bubble caps which 
allow the vapour to go up. The condensed liquid drops down by over- 
flow pipes as in Fig. X.21. The principle of separation is the 


Fic. X.21 
same. Fractionating tower 
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ration of the two liquids by fractional distillation is possible 
M EN ieies where the vap-pressure progressively changes from that 
of one component to that of the other component. Liquid air being such a mixture, 
it is possible to obtain pure oxygen and pure nitrogen from the same by fractional 
distillation. This has enormous industrial importance. 


Determination of ratio of distillate to residue. The temperature-composition distillation dia- 
gram also enables us to calculate the proportion of weight of distillate to weight of residue at 
any given temperature. Suppose the temperature-composition diagram of a binary system of 
A and B is given by Fig. X.19c, in which the composition is expressed in weight percent, Let us 
start with a liquid mixture of weight w having a composition of x percent B. The liquid will begin 
to boil only when the temperature is raised to T}. With vaporisation, the liquid will be more 
concentrated in A and the boiling temperature will rise. At a temperature T, (say), the liquid will 
have the composition as at /, which will contain x, percent B, and suppose the weight of the liquid 

* now is w1. If the system is closed, the vapour phase will have a composition as at /;, containing xq 
percent of B ; the weight of vapour phase is w. Thus 
WicWa = w 
And from the distribution of B is such that 


WX = WjJXQ;twix.; Leg (wid-wi)x = WiX4 d- WaXa 
from these relations, we have, 
Wi (%2—x) 
Wa "3 XX 


from the diagram, we find, Sax 2 Hs 
x—Xxi Il, 


Hence the ratio of weight of distillate to weight of residue, pa ie ratio of the inter- 


: Wi 2 
cepts of the tie-line /,/,. 


| n 10 Ig. 2O/pyridine system]. If a 
mixture with a composition at the minimum (M) be taken, it would boil at 4 fixed 
Il have the same Composition as the liquid. 
ressure or a lower vapour 
Derim $ ; ic mixture. Evidently, the 
azeotropic mixture will have iling a boiling point lower than 
any other mixture. The azeo isti hanged in composition and 
hence these are termed const, 


P Constant 


B T Constant 


0% 59% 100 % 0% 


59% 100% 
Pyridine —s 


Pyridine — 


Fic. X.22(a) B. pt.-composition diagram (b) Vap-pressure-compo: iti j 
Type II system (HO /Pyridine), S aon diagram for 
The type II water-pyridine system has a maximum vap-pr en 
E T d -pressu. ni- 
mum b. pt. 92°C at a composition of 59 % pyridine, [Fig. XD} If sure and BE 
pyridine mixture having a composition (say 1) in which Dyrid ie a ore 
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© than 59%, the distillate will be poorer in pyridine and the residual liquid will be 
richer in pyridine. By repeating the process, (as in type I) we can separate pure 
pyridine in the flask and the azeotropic mixture in the distillate. On the other 
hand, if a mixture containing less than 59% pyridine be distilled, the distillate will 
be richer in pyridine and the liquid in the flask will be richer in water. Ultimately 
by repetition of the process here we can obtain pure water and the azeotropic 
mixture. In other words, by fractional distillation, any mixture of type II can be 
separated only to one pure component and the azeotropic mixture. It is not 
possible to separate them into two pure components by distillation. If the mixture 
has the azeotropic composition, it will distil unchanged. 

Similar behaviour is also found in water-ethyl alcohol mixture. The azeotro- 
pic mixture has the minimum b. pt. 78.2° with 95.6% alcohol. When a dilute 
alcoholic solution is fractionally distilled it separates into pure water and the 
azeotrope (95.6% alcohol). When a conc. alcohol solution is fractionally distilled 
we obtain pure ethyl alcohol and the azeotrope. Complete separation of alcohol 
is not possible. The rectified spirit sold in the market is the azeotropic mixture 
(95.6%). Some other liquid pairs having minimum b. pt. mixtures are listed below. 


BINARY MIXTURES TYPE II (minimum b. pt.) 


Components Min. b. pt. Composition 
A B CC) % of B 
H,O ethyl alcohol ^ 78.1 95.6 
H:O n-propyl alcohol 88 72 
CH, acetic acid 80.05 2 
H:O pyridine 92.6 59 
CS, ethyl acetate 46 3 


(iii) Boiling pt.-Composition Diagram with a Maximum. In type Ill liquid 
pair system, the vapour pressure-composition diagram shows a minimum. Con- 
sequently, the b. pt.-composition diagram would show a maximum. That is, 
at a certain composition [(at M in Fig. X.23(a),] there is an azeotropic mixture 
boiling at a fixed temperature unchanged in composition. Such a System may be 


illustrated with HyO/HNO; mixture. 


Us 120% í Ü 

100 ~ i 

^ 

n © 
| à 
a 3 
E 
| (b) 
l an EK 0% 687, 100% 
0 ee HNO, — 
. pt.-composition diagram (6) Vap-pressure-composition diagram in 
Fic. X.23 (a) B. P Type III system (H,O/HNO,) 


j s, it is easily seen that if a dilute solution of H 
As in type II system: te it into pure water and an azeotrope (68 ZUNO 


isti iti ible to separate 1t PEN 
BEER (shoe ace the azeotropic composition is reached, the liquid will distil 
unchanged. A higher concentration of HNO; cannot be obtained by distillation. 


: f HNO, be distilled. 3 
On t hand, if a conc. solution oi 3 ; We can separate it 
d E is O, and the azeotropic mixture. Complete separation of HNO, 


by distillation is not possible. 
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Other binary mixtures with maximum constant boiling point are : 


BINARY MIXTURES TYPE IU (maximum b. pt.) 


Components Max. b. pt. Composition 
A B cfe) % of B 
H,O HNO, 120.5 68.0 
H,O HCI 108.5 20.2 
H,O HBr 126 47.5 
H,O HI 127 57.0 
H,O HCOOH 107 71.0 
CHCl, CH,COCH,; 64.7 20.0 


Azeotropic Mixtures. In applying phase rule to azeotropic. mixtures, we 
should remember that there is one restriction, namely, the compositions in liquid 
and in vapour phase are the same. Hence 


F = C—P+1 = 2-241 = 1 


i.e., azeotropes should behave as univariant system, so that the boiling point will 
be constant if pressure is fixed. This is what we have already seen. 

The fact that azeotropes boil at a definite temperature and the liquid and 
vapour have identical composition, suggests that these may be true chemical 
compound. But this is not so, because (i) the composition of constant boiling 
mixtures depends upon the pressure, (ii) the composition does not correspond 
to any stoichiometric proportion of the components, (iii) thereis no spectroscopic 
evidence of the formation of a compound between the components, 

The separation of the components in an azeotropic mixture is rendered possible 
usually by one of the following methods. (i) By distillation with a third substance, 
e.g., absolute alcohol can be recovered by distilling rectified spirit (azeotrope) 
with benzene. (ii) By chemical reactions, e.g., nitration will remove aromatic 
components from a mixture with saturated hydrocarbons, or lime may be employed 
in removing water from rectified spirit. (iii) by adsorption, e.g., charcoal or silica 
gel may be used to adsorb one of the components; (iv) By solvent extraction, 
one component may be extracted by adding a suitable immiscible Solvent. 


X21. Vapour Trent of Binary Liquid Mixtures from 

tions. The liquid vapour equilibria in mixtures as observed in the precedi i 

are also snbitontiated rom theoretical considerations, doc) os 
Suppose a binary solution contains n. gm-moles of 4 and = 

Applying Gibbs-Duhem relation, we have, at eqm., Eu Tet A. 


Thermodynamic Considera- 


mdi, + nda, = 0 
where p, and p; are the chemical potentials of 4 and B. 


$ n Ny ne 
$2 DES Py + mtn du, = 0 
i.e., Nidp, + Nuda, = 0 


s. (X24) 
where N, and N, are the mol-fractions. 


When the liquid mixture of 4 and B is in equilibrium with their v 
at const. temperature T, the chemical potentials will be the same in BOUTIER 
for cach component, Since 
m = RT infitz (fi, fugacity) 
or assuming the vapours behaving ideally, we can write, = RT InP 
where is the partial pressure of the i-th component in the vap i Tert a 


Our phase, 
That is, du = RT d In P; 
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Substituting in eqn. (X.24), 
N, RT d In P, + Na RT d In P, =0 


N,dinP, , NadinP, _ 
e AC EUNT er 
Since NEN, = 1, dN, = —dN>, 
NidinP, MNM.dinP. 9 
aN, dN 
- din P, _ din P, 
si dinN, dinN, 2:029) 


This equation, called Duhem-Margules equation, is indeed a correlation between 
the composition in the liquid phase and the partial vapour pressures in the gas- 


phase. 
Now, if we consider an ideal solution, Raoult’s law is applicable, i.e., 
P, = PIN, 
d EN N Bis 
or dinP, = dinN,, Le, Jj] N, =1 


Since from eqn. (X.25), k ^ E zm pe x 
2 1 


d In Pa 
d in Ns 


Hence, for a solution in which component 1 obeys Raoult's law at all compositions, 
the other component 2 will also obey it. 


That is, P, = PIN. 


The partial pressures will bear a linear relationship through the entire composition 
to the mol-fractions of the components. This we have seen to be true in section 
X.18. The total vapour pressure will also change linearly with composition as in 
equation X.22 (Fig. X.12). As already pointed out such ideal solutions are rare. 
In real or non-ideal solutions, there is departure from Raoult's law ; the vapour 
pressure of a component in the mixture is either greater or less. 


=1 


(i) When the deviation is positive, P; > P?M1- 
d In P, 
din Ny 


But for any solution, from Duhem-Margules relation 


dinP, _ dlnP, 
dinN, dinN; 


XL 


E 


din Ps 1 
Hence ISSN 


positive deviation for one component, the second component 


Or, if there is a po levi C 
must also exhibit positive deviation. This has actually been observed (Fig. X.16). 


(ii) When the deviation is negative, P, < PIN, 


or P, PIN. 


d In P, 
Hence du E 

d In P. eat 
As before dinN, <1; oru Pa LPN 


29 
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ment in the solution shows negative deviation from 
Raoult’s Ponte cie Coniouéat would also exhibit the same. This has actually 
Ee UE eds thermodynamically that positive deviations are found in 
cases where solutions are formed with absorption of heat, whereas negative devia- 
tions occur in cases where solutions are formed with evolution of heat. TT 
It is also possible to predict the effect of alteration in composition of the liqu E 
on the total vapour pressure of the system. Suppose in the liquid phase the mo 
fractions of the two components are N, and N,, and the mol-fractions in the vapour- 
phase N,’ and Ns'. The total vapour pressure, P = P +P». 


dinP, _dinP, 
We have dMN,  dinNy 


; L1—1...22 592 "ENXO26 
Bess P, dN, P,'dN, eS) 
dP, _ N:P, dP, 
or dN; NP, dN, 
Now P = P, +P, 
dP _ dP, |dP, _ N:P, dP, dP, |. TS 
g dN, dN, dN, ~ N,P, dN, dw, ‘ince dN, = —dN;) 
dP _ dP, p NP, _ 
or aN, NNF. ] 2e 10:27) 
Assuming that vapours behave ideally (though the solution may not be so), 
we can sa; PIEN 
Y, Pi No! ; 
dP dP,(N, Ny 
aN, = dv (Wem!) ++. (X28) 
dP. 


as s 
Now dN, is always positive, hence 


CT P pu. NN NOM 
aN, is positive, when NUN, 2l, or Ny > N, 


This means that total vapour pressure (P) will increase with the increase in the 
mol-fraction of the component which is present relatively in higher proportion in 
the gas-phase than in the liquid phase. ... (A) 

Again, ix, is negative, if x E 
That is, the addition of a component which is 


l relatively less in gas- hase than i 
liquid phase will lower the total vapour pressure. .. . (B) ee em 


In type II and type III systems there is a maximum or minimu: 


m in the vapour- 
pressure curves and at such points 


dn, Must be zero. From equation (X.28), 
we find that for maximum or minimum points, 


: Ns N, 
So, for a maximum or minimum, ie., for azeotropes, the composition in the 
vapour phase is the same as that of the liquid with which it is in 1 


equilibrium. 


*See “Thermodynamics” by the author, Chapter 12, 
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LIQUIDS WHICH ARE PARTIALLY MISCIBLE 


X22. Vapour Pressure and Distillation Diagrams for Partially Miscible Liquids. If 
two partially miscible liquids are brought together homogeneous liquid mixture 
will result only when the proportion of either component is small. But when the 
proportions of the components are high, two liquid phases of conjugate solutions 
will appear. Since each liquid depresses the vapour pressure of the other, the 
vapour pressure of the conjugate solution is less than the sum of the vapour pres- 
sures of the two pure components. 

A vapour-pressure-composition diagram for the liquid pair amyl alcohol/ 
water is given in Fig X.24(a). The vapour pressures of pure amyl alcohol and pure 
water are A’ and B’. As water is slowly added to amyl alcohol, first homogeneous 
solution is formed. The total vapour pressure increases along A’C’. At C’ amyl 
alcohol is saturated with water and on further addition of water a separate layer will 
begin to form. Similarly if amyl alcohol is added to water, the total vapour pressure 


T Constant P Constant 


Total Vapour Pressure 


Temperature 


100 % Amy! Comp 1007. 100% Amyl Comp 100% 
Water alcohol Ho 


(4) (b) 


Fic. X.24 (a) Vap-pressure-comp. diagram (6) B. pt. comp. diagram for partially miscible 
liquid pair, amyl alcohol/water. 


alcoho! 


will change along B’ D' and at D' a saturated solution of amyl alcohol in water 
is formed and two layers will occur on further addition of amyl alcohol. Between 
the points B' and D’, for all compositions there shall be two layers of conjugate 
solution. The total vapour pressure over the conjugate solutions between the 
points C' and D' remains constant, as indicated by the horizontal portion C’D’, 
This vapour pressure 1S the vapour pressure of either of the two layers. This is 
anticipated from the Phase Rule. Between C' and D', there are three phases, 


hence F= DEOR) = il 


ivariant, So, if temperature is fixed, the vapour press 

ne both ge phase and the distillate "n e fixed. The 
con ' E' show the change in vapour compositions (with changes i 
curves 5 E b a A'C' and B'D'. For all liquid composition between e Sa 
Pr the composition of the vapour is constant and is equal to that at E, 

i The corresponding b. pt.-composition diagram is given in Fig. X.24(b). A and 
B are the boiling pts. of pure components-—amyl alcohol and water. AC represents 
the change in boiling pt. of homogeneous $0 ERE waa in amyl alcohol, and BD 
that of amyl alcohol in water. Between the Pe s C and D, two separatelayers exist. 
Along C. D the system 1s univariant, E ar a E pressure (say 1 atmosphere), 
the boiling point will be fixed. AE an i enote M vapour composition in equi- 
librium with AC and BD. The point E enol the composition of the vapour- 
produced by boiling any two-layer mixture ue C and D: In this system of 
amyl alcohol/water, the constant boiling point o CD is about 95*C (under 1 atmos- 
phere) which is lower than that of either amyl alcohol or .Water. When a two- 
layered system is distilled, the amounts in the liquid phases will gradually decrease, 
and generally, one of the phases will disappear before the other one, depending on 
the initial relative amounts of the two layers. If the phase C disappears first, then 
further progress of distillation will proceed along DB and EB, and ultimately 


the system becor 
and the compost 
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ili . will reach 100°C and pure water will distil. On the other hand if 
PURSE CRT earlier, the curves CA and EA will represent distillation and 
finally pure amyl alcohol will be obtained (b. pt. = 130°C). 

Similar behaviour is noticed in other systems like CH;OH/CS., water/butyl 
alcohol, anilme/water, ethyl acetate/water, etc. The distillation diagram varies 
somewhat when the constant boiling point of conjugate layers is in between the 
boiling temperatures of pure components. 


i IMMISCIBLE LIQUID PAIRS 


X.23. Vapour Pressure and Distillation of Immiscible Liquids. Immiscible liquids are 
mutually insoluble. When such liquids are brought together, each liquid behaves 
independently of the other. Consequently, the vapour pressure of a mixture of two 
immiscible liquids at any temp. is the sum of the vapour pressures of the individual 
pure components at the same temperature. Moreover, the vap-pressure above the 
mixture will be independent of the amount of each liquid present. 


If P be the total pressure and p, and p, are the partial'vapour pressures of the 
two components, then 


P = pops 
further = 2205) pem ide 
Pr T; Ng and p, m-n 
where n; and n, are gm-moles of the two components in the vapour phase, in any 
given volume. 
f: Pia = na[ng 


Since at a given temperature p;/p, is constant, so ning 
vapour-composition is always the same, as long as. 
If weights of the components in the vapour-phase (i.c., 


is also fixed. That is, the 
both liquids are present. 


Iam the distillate) be w, and wo, 
paie * mM, 
pi IMS (M,, M, are mol. wts.) 
Wise piMy 
or we PM: ++. (X.29) 


The weights of two components in the distillate depend on the mol wts d 
vapour pressures of the two pure components. We shall presently see that thi 
relation is taken advantage of in steam distillation. $ 

As the temperature is raised, the vapour pressure of T ime s 
so that total vapour pressure will rise. When this total ONE SENDEN Sal 
to the external pressure, the mixture will boil and distillation goes on with a c Em 
composition of the distillate. The boiling point will be lower than the E 
point of either of the two liquids. oiling 


Steam distillation. When a liquid (or a solid) X, which is immiscib 
separated from other non-volatile impurities, it is often distilled with Steam. The process be 
particularly useful when the substance X is high-boiling and decomposes near ir E m 
point. In steam distillation, the substance is distilled with steam at a temperature contidsisbly 
below (near about 100°C) its normal boiling point and the danger of de ; 


N composition is ; 
. To illustrate : iodobenzene (b. pt. 188°C) is purified by steam distillatio j Aa Rd 


n at about 98°C. At this 
temperature, pg,o = 712 mm and Piodobenzene = 48 mm, so that total pressure — 760 mm 


The liquid to be purified is taken in a flask mixed with water and heated. Steam from a 
separate generator is also simultancously injected. When the temperature is raised high enough 
to make p;--ps = 760 mm, the mixture distils with a composition given by equation X.29, 


le with water, is to be 
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In the case of iodobenzene mentioned above, 


w Mm. 204 x48 
Ws Maps 18x712 


Hence, out of every 16 gms of distillate, 7 gms would be iodobenzene. Though the vap- 
pressure of jodobenzene is much lower, but its high molecular weight counterbalances so as 
to make the relative yield appreciably large. 

It is easily seen that approximate mol. wt. of a substance .X can also be obtained from the 
equation (X.29), provided the vapour pressures are known. 


7 
> (approx.) 


SOLID-LIQUID PHASES 


X.24. Solid-Liquid Equilibria. In solid-liquid binary systems it is i 

follow the crystallisation or melting processes. Th o csideridg as SEE m 
solid-liquid systems, or condensed systems as they are often called, the vapour 
phase is regarded as absent. Small variations in pressure have little par on 
such equilibria, and moreover, studies on such equilibria are usually carried out 
at constant external pressure, generally the atmospheric pressure. The phase 
rule then, with the restriction of constancy of pressure, takes the form 3 


F = C-P41 — 2—P-1 =3-P 


h systems are therefore temperature and composition. That is 


The variables in suc ier e 
why temperature-composition diagrams are best suited to represent the equilibria 


of solid-liquid systems. —.. . — . 
To determine the equilibrium in such a system, it is necessary to find out the 


amounts Or concentrations of either of the components in solid Be Hari 

hases at different temperatures. Two methods PE most Bre pe el 
obtain this information : (i) thermal analysis and (ii) solubility measurements. 

(i) Thermal Analysis. This method is employed where solids crystallise 

out from the molten mixture of the components, such as crystallisation of lead 

from the molten Pb-Sn alloy. The solids separating out may-be pure components 

lid solutions. In this method, the cooling-rates during ane 


their compounds or so i L 
f various compositions of the system are followed i.e., 


process of solidification o j 
time-temperature diagrams during the process are prepared. From these diagrams. 


the temperature at which transition occurs can be obtained, as also the temperatures 
at which crystallisation from the molten mass begins and ends are known. 

When a pure substance (A) in the molten state is cooled slowly the time- 
temperature curve will have the form as shown in Fig. X.25(a). In this diagram 
pq denotes the rate of cooling of the molten liquid. At q the freezing pt. is reached 
A olidify ; the temperature remains constant until the whole 


and the liquid begins to $ 1 3 
liquid become solid as shown by horizontal line gr. Thereafter the portion rs 


indicates the rogressive cooling of the solid. 
p d of two components (4 and B) or a solution is cooled 


But when a molten liquid o: mpo: 
slowly, the cooling curve is different as in Fig. X.25(b). The portion pq as before 
represents the cooling of the molten liquid (or solution). At q one of the compo- 
nents begins to crystallise out slowly. The system has now two phases, i.e., (F = 
3—2 = 1), the system becomes univariant. With crystallisation, the composition 
of the liquid mixture changes slowly, so the eqm. temperature must also change 
Due to change in the rate of cooling there is a break in the cooling curve at . 
called the initial “arrest”. Such a state continues until the point o is reached Dd 
the other component (or it may be a compound of the two) also begins to solidif 
There are now three phases, two solids and a liquid, hence F = 3—P = 0 ley 
one of the phases must disappear before further change in temp. EDU 
entire liquid will now solidify at a constant temperature represented in Noi 
by or. The point o registers a second break, called the final “arrest”. The portion 

ling of the solidified mass. The temperature 


rs indicates the progressive coo 
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The temperature at the arrest points for any mixture of given composition can be 
ascertained with good precision. 


(a) (b) 
P P 
E X Y 
U n or 
9 s 
ca cendi oe a: 
Time Time. 


in Fig. X.26(a). If the initial arrests (g) of different mixtures are joined 
AOB is obtained as shown in Fig. X.26(b). Any point on this line vp 


EL je 


Temp 


Time. 


Fic. X.26(a) 


A Liquid - 


[^ 
E 


Solidus 


^B 
Fic. X.26(6) 


el 
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appearance of a solid phase from the liquid. Thi i “liquidus” 
The area above this curve represents the system in ‘Hagia phabeloaie Ad ; 
joining the final arrests (r-points) of the different cooling curves A hanzo? 2l 
line XOY is obtained when every ‘mixture solidifies in entirety. AXOYB is called 
the "solidus." Below this line, no liquid phase would exist. In between the li uida 

and solidus in the areas AXO and BYO, one of the components in solid. st d 
will be in equilibrium with liquid mixture. The point O, called the eutectic TUN is 
characterised by the fact that the three phases would co-exist at this point v os 

(ii) Solubility measurements. This method is successfull : 

one of the components remains in liquid state and the other a eee ome 
considerable range of temperature, such as the equilibria of salts and their a eos 
solutions. In fact, this method is extensively used in the study of equilibrid of salt 
hydrates. The determination of solubility of a salt at a given temperature gives the 
amount of the salt component in solution which may remain in equilibrium with 
its solid phase. Measurements of saturation limits at different temperatures 
lead to the phase diagram. On the other hand if very dilute solutions are used 

these are cooled sufficiently below 0°C, when ice would separate out. It is thus 
possible to find out the equilibria of solid ice with solution from the freezing 
point curve. Illustrations of this method will be found in the subsequent sections. 


TWO COMPONENT SOLID-LIQUID PHASES 


The two component solid-liquid systems are divided into severat types based on 
miscibility in their liquid state and on the nature of the solids separating from the 
Solution. The components are completely miscible in liquid phase. 
Type I Pure components crystallise from the solution. 
Type II Solid compound of the components with congruent m.pt. separates 
from the solution. 
Type III Solid compound of the components with incongruent m.pt. separates 
from the solution. 
Type IV The solids crystallising are solid solutions which are completely 
miscible. 
Type V The solids crystallising are solid solutions which are partially 


miscible. , fl 
These may now be illustrated with some familiar examples : 


X.25. Simple Eutectic Systems. The Fig. X.27 represents the phase diagram of 
Such a eutectic system in which the two components.A and B are completely miscible 
in liquid state and pure components only crystallise from solution. In this diagram 
and B are the freezing points of pure components A and B. The addition of 
component B to A will cause the temperature of equilibrium or freezing point to 
be lowered: The points on AE denotes the concentrations of solutions saturated 
with A at different temperatures between A and Tz, i.e., AE is the freezing points 
of solutions which yield A as a solid phase. Similarly the curve BE denotes the 
freezing points of solutions which yield B as a solid phase from the solutions 
( etween the temperatures B and Tp). At E, the point of intersection of the two 
urves, the solution is saturated with both A and B. Hence at E, three phases 
Co-exist, namely, solution, solid A and solid B. 
Bee at E, F = C IPN = 2—3+1 = 0, the system is non-variant. 
US emperature and composition are fixed. This means if either the temperature 
or € composition is altered, one of the phases will disappear. If the temperature 
: owered, the saturated solution will disappear and the whole mass will solidify 
S a mixture of pure A and pure B crystals. If the temperature is raised, the solids 
Will melt. The temperature at E, i.e., Tg is the lowest temperature at which a | 


liquid phase may exist in the system. The point E is called the eutectic point, the | 
the eutectic temperature of the 


composition L is the eutectic composition and Tg 4 b | 
System. The eutectic mixture has a definite composition (L) and definite melting 


-—— a 
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iti d for, (i) the components are 
i t it is not to be regarded as a compoun 5 : 
HAT: proportion and (ii) the mixtures reveal the existence of 
separate crystals under a microscope. 


Temperature ——e 
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u L 
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100% B 
Composition 


Fic. X.27 Simple eutectic diagram 


, for a given temperature composition: 
is fixed. In the region APE we have solid A and solution and in the region BQE 


given mixture on cooling. 

taken and heated Sufficiently as to 
point a. This liquid May now be 
down to the point b on the liquidus, 
crystals of A will begin to Separate and will bi 


lum with a solution 
further cooling, 


lution will increase. 


solid mixture of A and B will be formed. 
Similar behaviour is also observed if a liquid phase of composition k be slowly 
cooled. At the point /, the solid phase B will Separate in eqm. with its saturated 
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solution, whose composition moves along /E. The entire mass wi idi 
perature Teg, giving B-crystals and eutectic mixtures of A and B Md MU 
. The proportions of a solid in eqm. with the liquid phase can also be deter- 
mined from the diagram. Suppose the system of composition ‘a’ is at a tempera- 
ture y. The system will then have pure A crystals in eqm. with solution having 
composition z. The amount of solid separated is proportional to cz and the amount 
of saturated solution present in eqm. is cy (of composition z). The ratio of their 
amounts is cz : cy. From this ratio and the total weight, it is possible to estimate 
the expected yield of a solid at a given temperature. We may now take some 
specific examples of simple eutectic system. 


The system Sb-Pb. The two component system of antimony and lead is an 
example of simple eutectic type, the phase diagram is given in Fig. X.28. The 
melting pt. of pure antimony is 631°C and of pure lead 327°C. With increasing 
amounts of lead added to antimony, the freezing pt. of the latter is lowered along 
AE. Likewise BE is the freezing pt. curve of lead with added quantities of antimony. 
AE and BE form the liquidus of the system. E is the eutectic point (temp. 246°C 
and compositiin 87 % Pb). ADEFB is the solidus. 

Above AEB, the system is one liquid phase only, hence bivariant. Between 
temperature limits A and D, and composition range D and E, i.e., in the area AED, 
solid antimony is in equilibrium with 
solution phase. In the area BEF, 
solid lead is in equilibrium with solu- 
tion phase. Below eutectic temp. 
T, = 246°C, the system will be com- 
posed of solid phases of crystals of 
lead and antimony. If the system has 
just the eutectic composition (87% 
lead), it will sharply melt at E (Te = 
246°C) to form the liquid phase of 
the same composition. At E, solid 
lead, solid antimony and the solution 75 De 
phase UAM ü F T Compoticton 

system as at poin 
TE a week Po Fic. X.28 The phase diagram of Sb-Pb system 


h (i.e., temp. about 700*C.and composi- iss à 
tion about 35 % lead), the system will form a liquid phase only. If it is cooled, when 
the temperature comes down to the point i (about 550°C), crystals of antimony ` 
Will begin to separate. On further cooling, say up to the point j (temp. about 300°C), 
appreciable quantities of Sb-crystals would separate which will remain in equili- 
brium with solution having a composition as at b (i.e., about 80% lead). The 
proportion of solid : solution = bj : aj = 16 : 7 (approx.). Further lowering of 
temperature below the point k, be, below 246°C, the remaining solution will 
solidify as the eutectic mixture of Sb and Pb-crystals. This gives us a picture 
of the behaviour of the system with change in temperature. 

We may also examine the diagram as to the.effect of adding a component in 


increasing amounts at cónstant temperature. Suppose we start with the system 
as at the point a, (temp. 300°C). It is pure antimony solid. If at constant tempera- 
ture gradually increasing amounts of lead be added, the latter will melt and dissolve 
in it as much antimony as possible. The system will be composed of small amount 
of solution in equilibrium with solid antimony. The solution will have a composi- 
tion as at b. When with addition of Pb the point j is reached, the amounts of solu- 
tion : solid — aj : bj. 1f sufficient lead is added as to attain the composition at b 
practically the whole of solid antimony would dissolve. On further increasing the 
proportion of lead, the system will be entirely liquid changing towards d p à 
single bivariant phase. Atd, the solution is saturated with respect to lead and addi- 
tion of lead will not produce any change. If at 300°C, pure lead is taken and gra- 
dually antimony is added, the system will change along cd, having Preni in 
-eqm. with solution of composition as at d. The antimony will melt, though the 
temperature is quite low and dissolve lead to form a solution. ^ ` 
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It will be seen in the next chapter that if N, be the conc. (mol-fraction) of 
a solute in an ideal solution then, 


50 [ gt 1 ] 
los = 33R LTT 


where T and T, are the freezing points of the solution and of pure component. 
Calculated with this equation, the value of eutectic temperature is very near to the 
observed value of 246°C, which indicates that Pb-Sb solution behaves almost 
ideally. : 

Such simple eutectic systems are found not only in metal 


also in salt systems, organic compounds or in salts and water 
typical examples are mentioned here. 


-metal systems, but 
systems. Two other 


50% 
Salo] — > 


: Fic. X.29 Phase-diagram of. Naph.. 
These crystals are in 


the solution composition will move ASTA em nurtner Separation of crystals, 


100% 


ion phase can exist. 


fül study 
Potassium 


ie ar a a N completely miscible j 
KCI — all proportions. That i 


dus BC cannot r 
Fic. X.30 Phase diagram'of each the other o 
KCI—H;O system 


n Separate only below 
* J, Ind. chem, Soc. 1955, 32, 157, 
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0°C). The liquidus in the diagram are denoted by AB, BC and the solidus by 4D 
DE and EF. On cooling a dilute solution of composition x, a temperature at the 
point y will be reached when ice crystals would separate out. The residual solution 
becomes richer in KCl and the freezing pt. changes along yB. At any point y in 
AB pure ice crystals will be in eqm. with a solution of KCl. At a temperature 
corresponding to D(—11°C), KCl-crystals also will begin to separate along with 
ice. On the other hand on cooling a concentrated solution of composition x’, KCl 
solid begins to separate at y'. As more and more KCI separates out, the composi- 
tion of the saturated solution changes with temperature along y'B. Hence the 
liquidus CB is called the solubility curve of KCl in water. 

At B, where the freezing point curve AB and the solubility curve CB meet. 
crystals of ice, KCl and also the solution exist together. Hence, the system is non- 
variant, for F = C—P--1 = 2—3+1 = 0. This point B is therefore the eutectic 
point. (T = —11°C, 19.7% KCl). In the case of systems where water is one of the 
components, the eutectic point is generally called the cryohydric point. The tem- 
perature at B is the cryohydric temperature and the solution of composition B 
is the cryohydric solution. The solid separating, on freezing, from a cryohydric 
solution is a mixture of the two solids and not a hydrate compound. 


Below are enumerated some of the well studied simple eutectic systems. 


TABLE : SIMPLE EUTECTIC SYSTEMS 


Components Eutectic temper- Components Eutectic tem- 
A(°C) B. (°C) ature (°C) | A CC) B (C) perature (°C) 
Bismuth (317°) Cadmium (321°) 146° Benzene (5.4°) methyl chloride —79° 
Zinc (419°) Cadmium (321°) 270° (—63.5°) 
Gold (1064°) Thallium (303°) 131° | KT water —23° 
KCl (790°) AgCI (451°) 306° NH.Cl water —15.4° 
NaSO; (881°) NaCl (797) 623° | NaNO, water —17.5° 
O-nitrophenol ( 44°) p-toluidine (43.6°) 15.6° MgSO, water —3,9° 


Binary systems with formation of compounds having congruent m.pt. 


Type II. The two components of the systems which have been considered so 
far were such that they would not form any compound in the solid state ; on 
crystallisation pure components only would separate. But there are systems in 
which under suitable conditions of temperature and composition, compound 
formed from the components separates as a new solid phase. In such cases, the phase 
diagram has the appearance of two simple eutectic diagrams joined together, when 
the compound is stable enough up to its melting point. Such a substance which 
is'stable up to the melting point and liquefies with the same composition is said 
to have a congruent melting point. The system of Sn and Mg is a typical example 


of this category. 


.26. -Mg. The equilibrium diagram of tin (m.p. 232°) and magne- 
ae ene VU a ah in Fig. X.31. In this diagram P and W represent the 
freezing points of tin and magnesium. When magnesium is added to tin, the 
freezing point is lowered along PQ. The points on PQ represent the eqm. between 
crystals of tin and the liquid alloy. At Q (210°C), in addition to tin crystals, a new 
solid phase that of a compound of tin and magnesium begins to separate. This 
point Q is thus an invariant eutectic point having three phases (one liquid and two 
solids in equilibrium). Further addition of magnesium raises the freezing point 
along QR and the maximum is reached at R. All along OR from a molten alloy 
only solid compound will crystallise in eqm. with the liquid. At R, the composition 
of the liquid and of the solid phase (compound) is the same. This temperature 
(783°) is thus the congruent melting point of the compound. Thus PQ is the freez- 
ing pt. curve of tin and RQ is the freezing point curve of the compound. The'molar 
composition corresponding to the point R reveals that the compound is Mg,Sn. 
Apparently the two branches correspond to a simple eutectic diagram. E 

On further increasing the percentage of magnesium, the freezing point is 
lowered again along RS until we reach the second eutectic point S (565°C) where 
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$ 
į 
| 
Mg (mole percent) ———* ? 
Fic. X.31 Phase diagram of the system Sn-Mg, : A—Sn crystals ; B—Mg crystals ; | 
C—compound Mg;Sn ; L—liquid 
two solids—the crystals of magnesium and those of the compound—are in equili- 
brium with the liquid phase. On further addition of Mg the freezing point will be 
ud raised along SW ; in other words if tin is 
4 added to pure magnesium, its m.pt. will be 
8007 lowered along WS and on cooling only | 
crystals of magnesium would separate till | 
the point S is reached. The two branches 
esr RS and WS thus appear as a simple eutec- 
E tic system. 
PA The liquidus consists of the curves PQ, 
Sot ORS, SW whereas, the solidus is comprised 
of PX, XQY, YR, UZ and ZW. It is 
as predicted from the diagram, the solidus 
h and the liquidus meet at two eutectic points 
(Q and S). At these eutectic points the solid 
compound is in equilibrium with either 
w solid tin or solid magnesium. But at, no 
TENATA point will solid tin and solid magnesium 
* Cx ICU together will remain in equilibrium with 
dde liquid phase. 
Fic. X.32 The system Mg-Zn The overall appearance of the diagram 
with an eutectic on either si shows a hump in the liquidus at its middle 
the formation of a co er side. The existence of such a hump is indicative of } 
the hump has a Apound between the components in the solid phase. When 
has its melting point m duc nidum, the compound formed is stable and | 
imum. | 
the E e eutectic pts. P, R, W and Q, S are invariant, whereas — 
and a liquid phase coant in the areas POX, ROY, RUS, WSZ, having a solid 
co-existing. Below the solidus, we shall always have a con- 


lomerate of à , 5 
ix On cs sine e the compound with magnesium or tin. 


2e homogeneous melt of different compositions say 4y, da, As, 4 
and as, the following phases would appear in the solid state : RPM. I 
Position Solid phase crystallising 


i a, ; 
1 ay and a, Sa 
5 s Compound Mg;Sn 
Li 


Compound only 


ay 
Mg 
. The system Mg-Zn behaves exactly the same way, (Fig. X.32) producing à 
solid compound (MgZns;, m.p. 575°). Many other systems including those © 


ae a SE A abe T TEES 
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organic compounds belong to this type, e.g., urea-phenol, phenol-aniline, diphenyl- 
amine-benzophenone, acetone-phenol, ethyliodide-ethyl ether, ethyl alcohol- 
acetaldehyde, NaF-MgF;, Au-Sn, Al-Sn, etc. In fact, the formation of a com- 
pound in the solid state is being confirmed from the nature of the phase-equilibrium 
diagrams. Not only this, the range of the existence and the composition of the 
compound are also revealed from the diagram. 

When more than one compound is formed, the number of humps in the 
liquidus will also be greater. There will occur as many humps as there are com- 
pounds formed. This is most convincingly illustrated by the two component 
system ferric chloride and water, in which several solid hydrates are known. 

The system Fe,Cl,-H,O. Four different crystalline hydrates of ferric chloride 
are known. All of these are quite stable, have congruent melting points and have 
their specific solubilities. y 

When small quantities of ferric chloride are added, the freezing pt. of water 
is lowered. The diagram of the systern is shown in Fig. X.33. AB represents the 
freezing pt. curve along which crystals of ice separate. On increasing percentage 
of Fe,Clg, ultimately the point Bis reached at —55°C, when Fe;Cl,, 12H40 crystals 
begin to separate. The point B is thus a eutectic point of solution, ice and Fe,Cl,, 
12H,O. Since one phase is solid ice, it is usually mentioned as a cryohydric 


oint. 
$ Tf solutions of ferric chloride be taken with compositions somewhat higher 
than that at B, the process of crystallisation would occur even at higher tempera- 
tures, so the curve BCD really represents the solubility curve of Fe,Cl;, 12H,O, 
with a maximum at C (37°). At this point the liquid and the solid have identical 
composition and is thus the congruent melting point of dodecahydrate, Fe;Cl;, 
12H,0. ‘From C to D, the solubility diminishes as the proportion of ferric chloride 


140 


jen 
x 7 


15 20 25 30 


Composition; Moles Fez Ci, Per 100 moles Hi O —» 


Fic. X.33 Phase diagrams of ferric chloride hydrates 


| Congruent m. pts. (°C) 


i Eutectic pts. 

B = ice/Fe,Cl,, 12H;O (—55°) 

D = Fe,Cl,, 12H;0/FesClo, 7H40 (27.4°) C Fe,Cl,, 12H,0 (37°) 
| F = FeCl, 7H;0/Fe;Clo; 5H40 (30°) E Fel, 7H,0 (32.5°) 
| H = Fe,Cl,, 5H,O/Fe;Cls, 4H,0 (55°) G Fe,Cl,, 5H,O (56°) 

J = FeCl, 4H,O/Fe,Cle (66°) I FeCl, 4H,0 (78.5°) 
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rises. There is thus a distinct hump with maximum at C, indicating the stable 
compound Fe,Cl, 12H,O formation. When the amount of ferric chloride is 
raised enough to reach the composition as at D, another solid the heptahydrate, 
Fe,Cl,, 7H;O, begins to crystallise. Pressure kept constant, this point D is aeutectic 
one having the liquid in equilibrium with two solid hydrates, Fe,Cl,, 12H,O and 
Fe,Cl,, 7H;O. 

Both the increase as also the decrease in the proportion of ferric chloride 
in the solution at C will cause a lowering of solubility, the solid phase crystallising 
out is Fe,Cl,, 12H,O on either side of C. The result is that at a temperature such 
as t°, the dodecahydrate has two distinct solubilities in water, x, and xz. Such a 
phenomenon is called retroflex solubility and is observed in systems producing 
solid compounds with congruent m. pts. 

From solutions of ferric-chloride with concentrations higher than that at D, 
the heptahydrate crystals separate and the solubility curve DEF is like that of 
dodecahydrate. The point E is the maximum of this portion of the diagram and 
is the congruent melting point of the heptahydrate (32.5°). The point F (30°) 
is the eutectic point of hepta- and penta-hydrate crystals along with solution in 
equilibrium. On the right of F, the solutions will give, on cooling, crystals of 
pentahydrate. The solubility curve of the pentahydrate is FGH with the maximum 
at G (56°), the melting point of the pentahydrate crystals. There is yet another 
hydrate, the tetrahydrate Fe,Cl,, 4H,O, which separates out from the liquid 
phase at H (55°). The point H is the eutectic point of penta-, tetrahydrate and solu- 
tion. The solubility curve of tetrahydrate compound is similar to the previous 
one and is represented by HJJ. This compound melts at 78.5°, which is the maxi- 
mum of this hump. At J we have the eutectic point of tetrahydrate, anhydrous 
Fe;Cl, and solution. Beyond J, we have the steep solubility curve of anhydrous 

e3Cl,. 
. In the diagram, the liquidus is given by ABCDEFGHIJ whereas the solidus 
1s given by the dotted lines. The regions of existence of different hydrated com- 
pounds are easily realisable, The congruent m.pts. C, E, G, I are invariant, so also 
the eutectic points B, D, F, H, and J ; the details are given in the diagram. 


Binary systems with formation of compounds having incongruent m. pt. 


is Type Ut In this group are included the systems in which the two components 
SS um ae y mue in liquid phase and also produce a compound in the solid 
treats d € solid compound is not stable up to its melting point. The compound 

own into a solution and another solid (may be one of the component 
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Fic. X.33(a) Eqm. diagram of a two component system forming 
à compound with incongruent m.pt. 
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solid) before reaching its own normal melting point 
compounds (S) is observed to melt, it RSE Tudors Bir iue ee 
position and a new solid phase (S^). It is said to have an incongruent e 
the change is called a peritectic change. gruent m. pt. and 
= S' + liquid 
It is indeed melting with a chemical transformation.* We i : 
general behaviour of such a system of two components 4 aM p wit E 
solid compound say AB, with incongruent m.pt. Its phase diagram Sane a 
the general features as shown in Fig. X.33(a). In this diagram P and S a: ine 
melting points of the pure components and PQ and SR indicate the fisezing e 
lowering when one component is added to the other. At the point Q, the a ELDE 
of B added to A is just sufficient to produce crystals of a compound AB, prun 
with solid A. That is, the point Q is the eutectic point of liquid, solid 4 ahd solid 
AB;. At temperatures below that of Q, only the solid phases, conglomerates of 
solid A and solid AB», exist. Along QR, only the solid AB, separates from th 
solution. Had the compound been sufficiently stable with a congruent m. pt tlie 
curve would have proceeded up to X, the maximum. In that event, X would have 
been the normal m.pt. of the compound. But before reaching that temperature, 
the compound AB, suffers a peritectic transformation at the point R producin 2 
the solid B and the solution. The point R is thus the point of intersection of the 
freezing point curves of the compound and that of the component B. When a 
liquid of composition x is gradually cooled, solid B begins to separate at y and 
thereafter as more and more B separates as solid the composition of the liquid 
changes along yR. When temp. t° is reached as at z, the liquid with composition 
R deposits AB, compound. On lowering the temperature slightly all B-solid 
slowly dissolves and are transformed into the compound AB,. This transforma- 
tion occurs at a constant temperature. In the diagram are labelled the areas 
where different solids have their stability. We shall illustrate this with two hydrate 
systems. 
The system NaCl- ,O. The equilibrium diagram of this sys i 
in Fig. X.34. With addition of NaCl the melting point of ice is atem 18 showa 
curve AB represents the freezing point lowering with increase in added NaCl 
At B when the temperature 1s as low as —21°C, a new solid phase namely NaCl, 
2H,0 also separates out from the solution along with ice. The point B is thus 
eutectic point of solution/ice/NaCl, 2H.O, often called the cryohydric point 
Below this temperature, the system 1s only . 
solid mixture of ice and NaCl, 2H,O. On 
further increase in the proportion | of 20° 
sodium chloride, the freezing point rises 
along BC until it reaches C (0.15 C). All im 
along BC, the system is univariant having 
two phases NaCl, 2H,0 and solution in je 
equilibrium. BC is the solubility curve of B 
the dihydrate. It is clear if a solution of = 
composition ‘a’ is cooled, we shall get ice g " 
crystals, whereas a solution of composition Sois 
‘a” on cooling will produce NaCl, 2H;O -20° 
crystals. At C, a peritectic change takes 


-10° NaC], 2H20 


place. NaCl, 2H,O solid is no longer 0 y 
stable above C.15?C and it changes into 30% 60% 
anhydrous NaCl and the solution. The NO C 
curve CD is the solubility curve of NaCl. 

Fic. X.34 The system NaCl and H,O 


The point C is the incongruent melting E. 
point of NaCl, 2H,O0. The regions of stability of the different solid vdd ae 


indicated in the diagram. 
Freezing mixtures. There are other facts which become obvious from th 
e 


diagram. Firstly, we cannot have a solution of NaCl at a temperature lower th 
an 


*Some authors name it a meritectic change. 
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the cryohydric temperature. Any solution taken to a lower temperature, being 
unstable, would change into a solid mixture of ice and NaCl, 2H,O. At a tempera- 
ture above the cryohydric temperature, ice can exist in eqm. with solution of one 
composition and salt with solution of another composition. 

Secondly, if we mix ice, salt and water at about say, 0°C water will dissolve 
the salt and if the saturated solution is quite concentrated, ice will begin to melt. 
In the melting of ice heat will be absorbed and temperature will go down. The 
salt solution, now being diluted, will dissolve more salt which will induce more 
ice to melt. In this way, due to abstraction of heat, temperature will fall till the 
cryohydric temperature —21°C is reached. The mixture will remain at this tempera- 
ture until all the ice melts or all the salt dissolves. Ice and salt mixtures thus lead 
spontaneously to low temperatures, which is of wide applicationin domestic 
and commercial requirement as easily available freezing mixtures. Not only 
mixtures of common salt and ice serve as freezing mixtures but other salts with 
ice may also be used to attain low temperatures, e.g., NH,Cl/Ice (—15°), NH,NO,/ 
p: (—17°), NaNO,/ice (—18°), CaCl,/ice (—55°), alcohol/solid CO, (—72°) 
etc. 

.. The System Na,SO,-H,O. The behaviour met with this system is graphically 
illustrated in Fig X.35. The possible solid phases are ice, Na,SO,, 10H,O ; Na,SO,, 
7H50 ; Na;SO,, of which the heptahydrate is unstable in presence of the solution. 
On adding sodium sulphate to water, the freezing point is lowered. The curve 
AB is the freezing point curve, along which ice separates out from dilute solutions. 
When the concentration is increased to reach the point B, a new solid phase 


40 
Unsate Sol” 


20 30 40 SO%Na2 SO, 
Comp—- 


FiG. X.35 Phase diagram of sodium sulphate and water system 


Na,SO,, 10H;O is formed. The point Bi 
point having three phases, eR i Verde 


à Ad s Na,SO,, l0H,O = Na,SO,-+Solution, 
the anhydrous solid NaSO; is obtained along with i 
is, D is the incongruent m.pt. of the Compound Na,SO,, te et s m 
there are three phases at equilibrium the solution, decahydrate and a hyd Pojid 
Na,SO,. Hence the point D Iepresents a non-variant condition for the ayaa * 
the temperature is 32.38°C, composition 33.2 9/ Na,SQ,. Above this jébperatüte, 
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the solid separating from saturated solutions is always 
curve DE is the solubility curve of anhydrous Na,SO,. SU rou SE 

When a saturated solution of sodium sulphate is cooled, al 
salt separates. On reaching the point D, decahydrate Seats wedi Beene 
separate. This is rather a slow process and if a little alcohol is added, the do iud 
of decahydrate may be prevented and the saturated solution remains metastable 
and continues deposit of Na;SO, till the point F is reached when heptahydrate 
crystals separate out at 23.5°C. This is formed only in absence of decahydrate 
and the heptahydrate has a spontaneous tendency to be transformed into deca- 
hydrate. The metastable conditions are indicated by broken lines. The curve CF 
denotes the solubility of heptahydrate. At F, the solid heptahydrate changes into 
anhydrous Na,SO, and solution. So this is again an incongruent melting point, 
that of heptahydrate. Although the curves BD and CF can be followed, by super- 
saturation, beyond D and F to some extent but the point of equilibrium of the 
hepta and decahydrate with solution cannot be experimentally realised. As evident 
from the diagram the solubility of the metastable heptahydrate is more than that 
of the stable decahydrate, which is a thermodynamical necessity. 

In the diagram, B and C are the non-variant cryohydric points, D and F are 
the non-variant incongruent melting points ; the regions p, q, r and s are areas of 
equilibria of solution with ice, decahydrate, heptahydrate and anhydrous salt 
respectively. 

Under higher pressures, if the temperature is raised to 234°C there would occur another transi- 
tion in the crystalline form of anhydrous Na;SO, from rhombic to monoclinic structure. This 
has not however been shown in the diagram. 

Such peritectic transformations are noticed in many other binary systems such as, Au-Sn, 
Au-Sb, Mg-Ni, KCl-CuCl,, CaCl-CaF;, CaF,-BeF:, K,SO.CdSO,, MgSO,-H;O, CaCh-H;O, 
Na,CO,-H,0, CH -Picric acid, SiO;-Al,O;. 


X.28. Type IV. Binary Systems with Solid Solutions which are Completely Miscible. 
In these systems neither pure components nor any compound of the two would 
separate out from the liquid phase. The two components are completely miscible 
both in the liquid and in the solid phase. The phase diagrams of such systems 
fall into three different groups. 

(a) Intermediate freezing pt. systems. 

(p) The freezing point shows a minimum. 

(c) The freezing point shows a maximum. 

(a) Intermediate freezing point systems of solid solutions. 

The system Au-Pt. In the system Gold-Platinum, the two components are 
completely miscible in liquid phase and also form completely miscible solid 
solutions at all compositions. The behaviour of the system can be followed 
from the diagram given in Fig. X.36. The 
freezing point of pure gold is 1062°C and 
that of pure platinum 1755°C. The addition 
of Pt to Au raises the m.pt. whereas the 
addition of Au to Pt lowers the m.pt. The 
freezing pts. of all mixtures lie between the 
f.pts of Au and Pt. This is also true of the 
m.pts of all solid solutions. The upper 
curve in the diagram represents the liquidus 
and the lower curve the solidus. Thus the 
components form a continuous series of 
solid solutions with no maximum or mini- 
vergence of the two curves. 


mum point of con het v 
]t is easily understood that a liquid. solution (GER 


f composition, say x, is in equilibrium with 
S Told. id Fic. X.36 Phase-diagram of 
the system Pt-Au 


a solid solution of composition x'. This 

happens at,every temperature between the 

limits 10627 and 1755°C. Above the liquidus the system is entirely liquid and 

below the solidus the system is entirely solid. In the region in between the 
30 
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solidus and liquidus the system would be partly liquid and partly solid. If the 
system be kept in a state represented by z, then it would be a mixture of liquid 
phase of composition x and solid phase x’ in equilibrium. 

If a Au-Pt melt of composition ‘a’ be slowly cooled, the first solid, which 
will indeed be a solid solution, will separate when the point x is reached. The 
composition of the solid separating out will be x’, ie., richer in platinum. In 
consequence, the residual liquid phase will be richer in gold. The general principle 
is that the concentration of the component by the addition of which freezing point 
is raised is greater in the solid than in the liquid phase. On further cooling below x, 
more and more solid solution will separate out and the residual liquid in equili- 
brium will be deprived more and more of its platinum. The composition of the 
liquid solution will move along xy while that of the solid solution along x'y'. At 
y’ vertically below x, the system entirely solidifies and just at the moment of 
complete solidification, the liquid composition is x’ and solid composition y’. 

Such behaviour also explains the fractional crystallisation of the components. 
The solid separating at x’, if removed, melted and again cooled, solid solution 
will separate out at / and will have the composition s, in which Pt-content will 
be much higher. The process could be repeated with the solid s, until the com- 
ponent Pt is rached. On the other hand, by taking the liquid fractions at y, 
a successive repetition would enable us to obtain liquid fractions with higher 
and higher percentage of gold and ultimately pure gold would separate out. Both 
the components are thus available in pure forms from such a system by fractional 
crystallisation. 

. Ina system of this nature two phases can co-exist always and hence the system 
is monovariant. No invariant point is available in the system. 


. There are many systems with such continuous series of solid solutions ; e.g., Cu-Ni, CO-Ni, 
Bi-Sb, Ag-Pd, Ag-Au, AgCl-NaCl, PbBr,-PbCl,, KCNS-NH,CNS, naphthalene-f-naphthol etc. 


(b) Solid solutions with a minimum freezing point. There are some binary 
systems in which the solid solutions obtained are completely miscible and these 
solid solutions exhibit freezing point curves with a minimum. In these cases, the 
ed point is lowered when A is added to B or B to A. A typical case is provided 
RE LEE HgBr;-Hgl, shown graphically in Fig. X.37(b). The upper curve 

fH L2 us and the lower curve solidus. The m.pt. of HgBr, is 236°C and that 
s siti M T C. The liquidus and the solidus touch at the point X, where the com- 
um nS. il the solid solution and the liquid solution are identical. So the solid 
solution will melt at this point sharply without any change in composition like a 
Dore abonna: At any other temperature, a liquid will be in equilibrium with 
show Hae e MR of different composition. A little inspection of the curves will 
lised int ystem having composition on the left of X can be fractionally crystal- 
ised into pure HgBr, and solid solution of composition X. Again a system with 
a composition on the right of X can be fractionally separated into Hgl, and the 


solid solution of composition Y. B i 
n . Both the components cannot be fractionall 
separated from the mixture simultaneously. í : 


Solid Solution 


100 % 


' hL-Carvoxime Hg$, Mole% 


Fic. X.37 Phase diagram of completely miscible solid solutions (a) d-and 
Lcarvoxime with maximum f. pt. (b) HgBr,-Hgl, with minimum f. pr. 
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Systems having solid-solutions with minimum freezing pt. are found in Cu-Au, Co-Mn, 
As-Sb, Mn-Ni, KCI-KBr, Na.CO;-K;CO;, p-CoHiICl-p-C, H.C, etc. 2 

The m.pt. of Na,CO; is 820°C and that of potassium carbonate 860°C. The two together 
form a system of completely miscible solid solutions. The solid solutions show a minimum freez- 
ing point at 690°C when mixed in equal proportion. Thus a mixture of 1:1 ratio melts and 
freezes sharply at a relatively lower temperature and this is taken advantage of in alkali fusion 
requirements in the laboratory. The mixture is usually called **fusion mixture". 

(c) Solid solutions with a maximum freezing point. Though very rare, binary systems which 
can form completely miscible solid solutions and show a maximum in their freezing point curve 
are known. The most well known example is that of d- and l- carvoxime. The phase diagram is 
given in Fig. X.37(a). The m.pt. of the two isomers is the same (72°C). The liquidus and solidus 
coincide at a point X having a composition of 50 percent of either component and temperature 


91°C. 


X.29. Type V. Binary Systems with Solid Solutions wnich are Partially Miscible. 
We shall now consider two component systems which are completely miscible 
inliquid phase and form solid solutions, but the solid solutions are not completely 
miscible through the entire range of composition. Such condensed systems may 


be of two categories : 
(i) Partially miscible solid solutions showing a eutectic point. 


(ii) Partially miscible solid solutions showing a peritectic or transition point. 


(i) Eutectic system of partially miscible solid solutions. The system Pb-Sn. 
Lead (m.p. 327°C) and tin (m.p. 232°C) form solid solutions which are not miscible 
at all compositions. The phase diagram of the binary system is given in Fig. X.38. 
The freezing point of each component is 
lowered by the addition of the other com- 
ponent. From the thermal analysis with 
the temperature cooling curve, the freezing 
point lowering for the two components is 
obtained and represented by PR and QR. 
These are the two branches of the liquidus t 
and these meet at R. 

The solid separating along PR (Pb in 
tin) may be called a-solid solution and 
that separating along QR f-solid solution. 

At the point R, there is an equilibrium 
between three phases, liquid and two a- and 
B-solid solutions. Hence it is a nonvariant Fic. X.38 Phase di 
point. The solidus is given by PXRYQ, (Ses Feci or the 
in which the portion YRY is horizontal : 
passing through the eutectic point R (temp. — 183°C). Below this temperature 
no liquid phase of any composition Is possible. The curves XS, and YS, indicate 
the composition of solid solutions a and at different temperatures. i 

Now, on cooling a melt having percentage of Pb less than X, we shall get 
only a-solid solutions. Similarly on cooling a melt having tin-content less than 
that at Y, we shall find only f-solid solution. But liquids having compositions 
between X and Y will produce on cooling either c-solid solution and eutectic or 
B-solid solution and eutectic according to whether the composition is on the left 
or right of R. In the region PXR a-solid and liquid are in equilibrium and i 
QYR, B-solid and liquid are in equilibrium. Below the eutectic point and within 
the area X¥S,S,Y, there would exist a heterogeneous mixture of a-and B-solid 
solutions and eutectics (a/B). Ou 


This particular system is of immense practical importance for its use as “ ” 

: 1 as ]ders". 
relatively low eutectic temperature (183°C) of 34% Pb and 66% Sb composition and Tbe bu Bh 
of its solidification after passing through an appreciable range of plastic condition render it quite 
easy in manipulation in soldering or in joints of lead pipings, 
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The system Cu-Ag. Copper melts at 1084°C and silver at 960°C. The two 
components are completely miscible in liquid phase but they form solid solutions 
which are only partially miscible. The phase diagram of the system is given in 
Fig. X.39. This is again a representative of 
eutectic system of solid solutions similar to 
that of lead-tin. As silver is added to 
copper, the solid that would separate from 
the melt will not be pure metal but a 
copper-rich solid-phase of silver, say 
a-phase. AC denotes the liquidus i.e., the 
freezing pt. of the melt while the composi- 
tion of the solid phase is given by AD. 
On the left of AD we have only solid . 
a-phase. In the region ADC, a-phase is in 
9x so% "8% Y 100% equilibrium with the melt. If a melt of 

hAg over-all composition p be slowly cooled, at 
the point q a solid of a-phase will separate 
having composition given by r. In conse- 
quence the melt would be silver rich and-with further cooling the composition 
of the liquid will proceed along qC until the point C is reached, ; ! 

On the other hand, addition of copper to silver will lower the freezing point 

of the latter along BC ; the solid separating will be a solid solution of copper in 
Silver, say B-phase. The composition of the B-phase is represented by BE. In the 
area BEC, B-phase is in equilibrium with the melt. On the right of BE, only 
Solid f-phase can exist, : 
.  Theliquidus AC and BC meet at C, where a-, B- and liquid phases can co-exist 
in equilibrium. Hence the point is an invariant one [F = 2—3-F1 = 0], the pres- 
sure being kept constant. The point is thus the eutectic point of the Cu-Ag 
system having a composition of 71.8% Ag and a temperature of 778°C. Below this 
temperature, liquid phase cannot exist. 

A mixture of 71.8 76 Ag will melt or solidify sharply at 778°C like a pure metal. 
But a melt of composition less than 71.8% Ag will give on cooling below 778°C 
R heterogeneous mixture of a-phase and eutectic. On the other hand, a mixture 
AES Ag-content higher than 71.8% on cooling below 778°C will produce a 

eterogeneous mixture of B-phase with eutectic. The variation of composition 


of a- and B-phases with tem i 
Spr ph perature below eutectic temperature are represented 


Tid Peritectic system of partially miscible solid solutions. The system Hg-Cd. 

" Wu provides a suitable illustration of partially miscible solid solutions in 
watch the solid solutions may undergo a peritectic transformation at a definite 
of the system with change in temperature can be 
gram shown in Fig. X.40. Hg melts at —39°C and Cd 


- üt ercury t i i i 
AQ) while addition redet y Omm lowers the freezing point (shown by 


Fic. X.39 Phase diagram of Cu-Ag system 


followed from the phase dia: 


the B-solid as at R, and at this tem 
Hence at this temperature, three 
Fl = 0. This makes the horizontal line OSR. 


: will separate 
lowering of temperature will produce 
and that of the 
Sponding to c (182°C), 
B-phase will undergo a 


adi md | I -phase, the temperature 
remaining unaltered. This will continue until the liquid phase dapon, The 
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composition of the a-phase is given by S and that of B-phase by R. As the two 
conjugate solutions are cooled below 182°C, we pass into the area of partial misci- 
bility ; two solid solutions remaining in a mixture. The lines SX and R Y give the 
change in composition of the a- and B-solid solutions with temperature. 


350 


300. 


Liquid. 


Temperature ——> 


0 100% 
% Cd * 


Fic. X.40 Equilibrium diagram of the system Hg-Cd (Peritectic). 


On cooling a melt from the point j (lying between Q and S), B-phase will 
begin to separate at k. On reaching the point /, the peritectic reaction sets in. 
B-phase will be changed into a-phase. But as the proportion of mercury is more 
than that required for the composition at S, some liquid will be still left.. On 
lowering the temperature further a-crystals would separate out until the point m 
is reached, when the system would entirely solidify as a-phase. 

Such peritectics of two solid solutions are found in binary systems such as 
Co-Fe, AgNO;-NaNO;, LiCl-AgCl, p-C;H,ICI-p-C,H,l;. 

H There are also systems in which the components are not completely miscible 
in the liquid state and yield either pure components or solid solutions on crystalli- 
sation. For such systems, the student may consult some treatise on “phase rule” 
such as that of “Findlay, Campbell and Smith". 


SOLID-GAS PHASES 


X.30. Binary systems, in which solid and gas phases are present, become of notable 
importance when the two components form one or more compounds in the solid 
phase. Such cases are found in salt hydrates and compounds like argentammino 
chlorides (AgCl, xNH,) etc. In studying the equilibria in ‘such systems it is con- 
venient to follow up the pressure variations with composition. We may exemplify 
this with the salt-hydrate system CuSO, and H,O. 

With these two components—CuSO, and H,O — there are, under different 
conditions, four solid phases and the vapour phase is one of water. The solid 
phases are (i) CuSO,, 5H;O (ii) CuSO,, 3H,0, (iii) CuSO,, H,O and (iv) anhydrous 
CuSO,. When water vapour is gradually led into the system containing anhydrous 
CuSO, or when the pentahydrate CuSO,, 5H,0 is gradually dehydrated, the follow- 
ing equilibria are envisaged : 


eqm constants 


1 CuSO,, 5H,O = CuSO, 3H,0+2H,0 Ko E e 
II CuSO,, 3H,0 = CuSO,, H,O+2H,O K, = Py = 309 mm 
III CuSO, HO = CuSO,+H,0 Kc Pies AS ith 
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If P;, Pj; and Py, denote the corresponding equilibrium pressures of water 
vapour, applying law of mass action, we know that 


ee aber Peake 

penta 

Similarly, the vapour pressures for other equilibria are also constant at a given 
temperature. This indeed is realised in practice. When pentahydrate crystals 
are enclosed in a vessel, kept at a constant temperature (say 50°C) and the vapour 
is continuously removed by means of a pump, the vapour pressure is. found to 
remain constant at 45.4 mm. We have really three phases in the system now, solid 
pentahydrate, solid trihydrate and the water vapour. So, 


Jy CMPD EVIL gi 


i.e., the system is univariant. Since the temperature is defined to be constant, the 
pressure cannot vary so. long as the three phases co-exist. This pressure is often 
mentioned as the vapour pressure of the hydrate CuSO,, 5H;O which is somewhat 
misleading. It is really the pressure of water vapour when it is in equilibrium with 
two phases CuSO,, 5H,O and CuSO,, 3H,O. The constancy of the pressure is 
shown in the experimentally recorded diagram (Fig. X.41) in which along ab the 
equilibrium pressures over the tri-pentahydrate system remains constant. 

At b the pentahydrate is entirely dehydrated to trihydrate and as the system 
now contains only one solid phase with vapour. The system is now bivariant. 
At this Stage the pressure drops down to, c (30.9 mm). Along cd, the pressure 
agam remains constant as trihydrate loses water and is slowly dehydrated to 
BORO NEE (F = 1). When the point d is reached, the composition shows 
ae ay monohydrate, the system becomes bivariant and the pressure falls to e 


ES 

or 
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= [I 
5 ' 
E 
n i 
' 
Li 


Cu$0, Cu.S0,H,0 CuS0,3H,0 CuSO, 51,0 
A B c D 


Composition al 50°C. 
Fic. X.41 The dehydration of CuSO,, 5H40 at 50°C 


With continued removal of H,O-vapour, the monohydrate 
converted into anhydrous sulphate Mone ef. The presets usb n 
remains constant, for, again two solids and one vapour phase remain to Lu to 
make the system univariant. When the whole of water is removed the pero 
drops down to zero. 1 à 

The diagram has a stepwise configuration. Such step-wise vapour-pressure- 
composition diagrams are indicative of the formation of compounds between 
the. components which may not be isolated or prepared experimentally. The 
number of steps would also indicate the number of compounds formed between 

the components, 
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The pressure-composition curve of the system containing AgC! and ammonia 
is given in Fig. X.41(a). The three steps are indicative of three compounds between 
them, viz. AgCl. 3NH; ; 2AgCl. 3NH; ; AgCI.NH;. 

The behaviour of such systems can also be expressed by means of pressure- 
temperature diagrams. For the copper sulphate system, the curves are given in 
Fig. X.42. The topmost curve is the vapour-pressure curve of pentahydrate. 
Since, as already stated there are two solids and a vapour, the system is univariant. 
As such, the variation of pressure with temperature will follow the same pattern 
as the vapour pressure of pure liquid. The other two equilibria for tri- and 
monohydrates are also univariant and their behaviours are also similar. 


CuSO, 5H,0 


+ Vapour 


5454 
270 g CuSO, 5H,0 + Vapour 
S 
GSE F CuSO, H O+ Vapour 
$ t £z ne P 
£ (0°C) 3 
jg v 
: 2 
B a- 
E AN Cu. S0, * Vapour 
2 
1, NH AgCl o 50° D z 
EGER ae edicion Temperature °C. 
Fic. X.41(@) Dissociation pressures of . Fic. X.42 Vapour pressure curves 
argentammino chloride of copper sulphate hydrate 


Deliquescence and Efflorescence. When a crystalline substance on standing 
in air forms a solution by absorbing water vapour from the atmosphere it is said 
to deliquesce. CaCl, 6H,O or NaOH, H:O etc. are highly deliquescent. 

In our laboratories the temperature 1s about 20°C so that the vapour pressure 
of water is about 14 mm. If some CaCl;, 6H,O be kept exposed in air, it absorbs 

ater and as it is highly soluble, a saturated solution is formed. The vapour pressure 
us sat. solution of calcium chloride is quite low, about 7-8 mm, at 20°C. This is 
to) A lower than the vapour pressure of water in the atmosphere. The result is, 
an e and more water is absorbed and the solution becomes more and more dilute. 
This continues till the vap-pressure of the solution is equal to that of the water 
in the atmosphere. Hence a substance to behave as deliquescent must be a very 
in ble one having a low vapour pressure of its saturated solution. 
ei On the other hand there are hydrated crystals such as Na4CO;, 10H;O, sodium 
carbonate decahydrate, which give up their water of hydration to the atmosphere 
and in the process disintegrate into dehydrated products, spontaneously. This is 
due to the fact that these hydrated crystals have vapour pressures greater than that 
of water in the atmosphere at room temperature. Thus Na,COs, .10H,O crystals 
have eqm. vapour pressure of about 24 mm whereas the vapour pressure of water 
at 20° is about 14 mm. Hence water escapes as vapour Spontaneously from the 
decahydrate transforming it into monohydrate. This phenomenon is efflorescence. 


THREE COMPONENT SYSTEMS 


31. Ina ternary system if all the three components form a homogen ingl 
diae which is the minimum number of phases, the degrees of fecto wil Ge 
maximum i.e., 4, 

F = 342—P = 5—1 = 4, 
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phase. This is an invariant ternary eutectic point, under a constant pressure, 
(vapour being neglected). 


F = C—P+1 = 3-441 = 0 


The cooling curve of such ternary mixtures will be characterised by three 
arrests, the first for freezing of first component, the second arrest indicating the 
separations of the second component and the last arrest indicating the separation 
of all the three i.e., the ternary eutectic mixture. 

When only one solid separates from the ternary liquid, there are two phases 
in equilibrium and hence the system is bivariant. This should be represented by 


Temp, at 
p—127° - 
Q-133* 
R-182* 
$-+96" 


Ü 


Q’ 2 


a surface. In this diagram, the surfaces AQSP, BOSR, CPSR represent the condi- 
tions for separation of Bi, Sn and Pb res: 


Q'S’, R'S'. 

Systems of this type are found in alloys and glasses. But complexities arise 
due to compound formation or solid Solutions and polymorphic changes. Ternary 
systems like KNO,-LiNO,-NaNO,, or diphenyl-naphthalene-salol have equilibria 
which can be represented satisfactorily by curves of the type Fig. X.46. 


References for further reading 


(i) The Phase Rule and its applications : FINDLAY, CAMPBELL AND SMITH 
(ii) The Phase Rule and phase relations : BowDEN 
(ii) Treatise on physical chemistry, chap. IX : TAYLOR AND TAYLOR 


(iv) An introduction to phase rule ; DEMING, J. CHEM. EDN. 1939, 16, 215, 260 
(v) Bockris et al : TRANS. FARADAY. Soc. 1951, 47, 184. 


LI Questions 


1. The distribution coefficient of iodine between water and CS, is 1.7 x 10-3, 
aqueous solution containing 1 gm of iodine is shaken with 50 c.c. of CS, 
concentration of iodine.in water? If 50 c.c. of CS, were used in five su 
each, what would be concentration of iodine remaining in water? 

[ Ans. (a) 3.20 x 107? (b) 6.5 10-5 gm/1] 

2, A mixture of water and nitrobenzene boils at 99°C, what would be their respective weights 

in the distillate? (vap. pr. of water at 99°C=733 mm.) (Ams. 1:3.94) 


*. One litre of 
What will be the residual 
ccessive quantities of 10 c.c. 
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3. Raoult's law is obeyed by a mixture of benzene and toluene. i 
i taining 0.34 mol-fraction of toluene boils at 88°C. The vapour faa eae AA ee 
toluene at this temperature are 960 mm and 380 mm respectively. Find out thecomposition “Oe 
vapour formed on its boiling. [ Ans, benzene, 0.83 mol-fracti s 
4. A pure substance can exist in a gas phase, liquid phase and two solid modifications Hos ! 
many one-, two or three-phase eauilibria are possible? Can all the four phases usd i 
equilibrium? n 
5. State how many degrees of freedom will be possessed b. h i 
(i) an aqueous solution of ZnSO, (ii) PCl;-vapour Lg EQ AERIS ANTO ES 
(iii) solid camphor in eqm with its vapour 
(iv) sugar(s) in eqm with its saturated solution at 25°C. 
6. Explain why 
(a) 'fusion mixture' is used instead of Na,CO, in dry tests 
(b) a mixture of tin and lead is used for soldering 
(c) on heating iodine sublimes but sulphur melts at ord. pressure 
(d) Na,SO4, 10H;O is efflorescent but CaCl, 6H30 is deliquescent 
f (e) ice and salt mixture is used as refrigerant. 
7. Define, with suitable illustrations, 
(a) critical solution temperature. (b) azeotropes (c) cryohydrate 
(d) peritectic change (e) enantiotropism. 
8. Draw phase diagrams indicating the behaviour of a mixture of two miscible liquids on 


distillation, 
(a) if only one of them can be separated in pure state and (b) if both of them can be 


separated. ` 
9, Discuss the behaviour of a liquid melt of two metallic components on cooling (a) when 
no compound is formed (b) when compounds are formed. 
10. What types of phase diagrams would you construct for a system of water and a salt which 
gives two or more hydrates? What informations can be obtained from these diagrams? 


CHAPTER XI 


DILUTE SOLUTIONS : COLLIGATIVE PROPERTIES 


A colligative property of a system is one which depends only on the number of 
particles present and not on the nature of the particles. Dilute solutions provide 
us with illustrations where many of their properties are colligative. The addition 
of a solute lowers the free energy of the solution and we shall see that other proper- 
ties are thereby affected ; the vapour-pressure is lowered, the boiling point is raised, 
the freezing point is depressed and so on. The extent or magnitude of these changes 
brought about in the solution is dependent only on the number of solute particles. 
Hence these properties of the solutions are termed colligative properties. 

It is easy to develop quantitative relations between these properties (e.g., 
freezing pt. depression) and the number of particles present in the solution Le., 
concentration of the solute. We shall always consider here solutions of non-volatile 
solutes so that the vapour-pressure of the solute is negligible. Moreover, at first, 
only the non-electrolyte solutes will be dealt with. Subsequently we shall study 


the effects that arise when the solutes taken are electrolytes suffering dissociation 
in the solvent used. 


XL1. Concentration Units. The relative amount of a substance present in a solution 
or à mixture is known as its concentration. The concentration can be expressed in 
different units or measures. In studying solubilities or in phase diagrams, we have 
often expressed the proportion of a component on percentage basis, i.e., number 
of parts of the component in 100 parts of the mixture. Besides this, there are at 
least four other sets of units commonly used. 


(a) Molarity. The molarit ion i f gm-moles of solute 
present in 1 litre A EUR y of a solution is the number of g oles o 


r on. It is the most widely used unit employed for express- 
IE ona DIM. oe Solution contains 0.1 gm-mole of the salt per 

i n ; the conc. of Ca++ j ~ ion is0. 
(assuming complete dissociation), UT Sit Gee eee 
(b) Molality. The molalit 


present in 1000 gms of the pared of a solution is the number of gm-moles of solute 


; © solvent. The molality is often symbolised by letter “m”. 
ee EM Me And uton in alcohol will mean 0.1 gm-mole of urea dissolved in 
eol CR RUNS - This unit is used in dealing with freezing point and boiling 


(c) Normality. The gm-ei 
produce, or react with, 7.999 


(d) Mol-fraction. In this system, the relative amount of a co i 
mixture is expressed as a fraction of the total amount of all the ER me 
amounts of every component being measured in gm-molecules. To illustrate : 
suppose in a solution there are present n, gm-moles of A and n gm-moles of ? 
ie., total amount is 7; 4-7; gm-moles. Then, ` d 


the mol-fraction of component A = 


and the mol-fraction of component B = 
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Generally speaking, if there are i-components present in the solution, then 


Ea nı n 
had. . -+r En, 

n 
AE 2 Ng 


?— tna... Er 
nt m ni 
Nye... Xni 
It is obvious that sum of the mol-fractions of all the components would be unity 
xad b = 1 


This unit is convenient when a property of a system requi i 
a uires to 
terms of relative amounts of solute and solvent. 3 be expressed im 


Xi 


XI.2. Lowering of Vapour Pressure of Solutions. The colligativ i i 
i ing oi 5ol . e propert: 
E primarii m from the validity of Raoult's ls for T ines 
the solution is dilute the solute molecules are sufficiently sepa: soluti 
Sedo SEHR U Sd deal y separated and the solution 
Consider a solution obtained from a non-volatile solute di i iqui 
ssolved in 
(solvent) We shall denote the parameters of the solvent with suffix 1 Ed ds 
of the solute with suffix 2 It i common knowledge that 
(i) The presence of solute will lower the vapour 
over the solution at any temperature, and ^ pressureror thojsolyons 
(ii) The vapour pressure of the solvent over the pure s 
tion always increases with rise in temperature. P Beat 
These are graphically presented in Fig. XI.1. 
The quantitative relation between the vapour 
pressure of a component and its concentration in 
a solution is given by the Raoult's law in ideal 
systems. Assuming dilute solutions to behave ideal- 


ly, we have 


[Vapour pressure p —» 


p = XP aro C9130) 


vapour pressure of the solvent 
nd pı? is the vapour pressure of 
pure solvent at a given RENE x; is the mol- Temp 
fraction of the solvent in the solution. As the Fic. XI4 Vap- 

solute is non-volatile, p; 18 indeed the vapour- (enis d sias 


. pressure of the solution. . . 
ip Now x, is less than unity, hence p; isalways less and solution 
than p,®, i.e., the vapour pressure of the solution is less than that of the pure solvent 


Rewriting eqn. XL 1, 


where p, is the 
over the solution a 


p, = (1I—x9pi 


is the mol-fraction of the non-volatile solute. 


where X» i 
Suffix 1 is used for solvents and suffix 2 for the solute 
Therefore pi-n =X, 
Pi 
f A na (CID) 
pi : 


Raoult’s law, in this form, may be stated as that in dilute soluti ; 
7 ; utio 
lowering of vapour-pressure of the solvent is equal to the Biohfraefion d Bei 


Di—Ppi ng 
So = Xo = 
We have pi 2 m+n 


a 
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7, 7; are the gm-moles of solvent and solute respectively. For a dilute solution, 
n, > Ne, hence 

Ap Ms 

Pi n 
For a definite quantity of a given solvent, n, and p,° are both constants, 

Le, Ap & g 

which means that equimolecular quantities of any non-volatile solute dissolved in 
the same quantity of the same solvent will produce the same lowering of vapour 
pressure. This indeed is a direct consequence from the Raoult’s law. The lowering 
of vapour-pressure is thus a colligative property as it depends only on the amount 
of the solute i.e., the number of molecules and not on their nature. 


XI.3. Measurement of Vapour-Pressure : Isoteniscope. Of thé various methods used for determina- 
tion of vapour pressure, the use of isoteniscope provides a convenient one which yields good and 
precise results. An arrangement is shown in Fig. XI.2. In a small bulb 


* A, some liquid gr solution is taken. The bulb is connected with a 
manometer U-tube (B) and kept in a bath whose temperature is controlled. The 
and upper part of the U-tube is surrounded with a condenser and the tube 
pump is also attached to a manometer and pump. The liquid is boiled until 
(CREDIS the air in space C above the liquid is displaced by its vapour. On cool- 


ing, some liquid condenses in B and there is vapour in the space C. 
The apparatus is kept in a thermostat until it attains the desired tem- 
perature, The pressure of the vapour in space Cis the vapour pressure 
of the liquid in A at the temperature of the thermostat. The external 
pressure is then adjusted with the help of a pump until the liquid levels 
in the two limbs of the U-tube are the same. When this is attained, 
the reading of the manometer gives the pressure of the vapour in the 
bulb A. In this way taking pure solvent and the solution both p,° and 
P, can be measured to obtain Ap. 


XI.4. Measurement of Vap-pressure Lowering. By the Ostawld-Walker 
method, the relative lowering of vapour pressure can be obtained with- 
out measuring the vapour pressures of solution and of solvent separa- 
A stream of dry air i xp scum De outlined as follows. : AR 
the solution (Fig xi 3 v d passed through a previously weighed series of bulbs containing 
pressure p, which i ). The air takes up vapour from the solution until it is saturated up tb 
Joss of vap Tm ot steer pessure of the solution at that temperature. The actual 
wz is proportional to p, i.e., x DE by subsequently weighing the bulb. Tne loss of weight 
AU = ES dy saturated with vapour up to pressure p,) is next passed through another 
» also previously weighed and containing pure solvent. Since the vapour pressure 


Fic, X12 -Isoteniscope 


Solution 


Calcium chloride 
ta tubes 


3 
i 

i 

' 

i 
dr 
4 
1 

] 

i 

i 

i 

: 
33) 


Fic. XL3 Ostwald-Walker method for measuring vap-pressure lowering 


of pure solvent p; is greater than pi, the air will take up some more vapour from pure solvent 
until the air is saturated to pressure p,°. The bulbs are weighed again to obtain the loss of weight, 
wy, which is required to saturate the air from pressure p; to p,°. 


*. wais proportional to p,°—p,, i.e., Wa = k(pj? —p;) 


Finally the air is passed through a weighed series of U-tubes containing an absorbent for the 
vapour of the solvent, e.g., anhydrous CaCl; if the solvent is water. The increase in weight of the 


silii 
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U-tubes is determined, which gives w-- ws. This weight is the measure of the vapour required to 
saturate the air up to pressure Pp. 
Hence pü—p ——— wk  —— ws 
Dis Qn wk wit We 
Since the quantities on the right-hand side are known the relative lowering of vapour-pressure 
is obtained. The temperature must be kept constant throughout. 


XL.5. Elevation of Boiling Point of Solutions. The vapour pressure of a pure solvent 
increases with rise in temperature. This is shown by AB in Fig. XL4. When a 
non-volatile solute is dissolved in the solvent, the 
vap-pressure of the solution will be lower than that 
of the pure solvent at any given temperature. Here 
also the vapour pressure of the solution increases 
with rise in temperature as shown by CD in the 
figure. ` / 

A liquid boils when its vapour-pressure be- 1.9 
comes equal to that of the super-incumbent pres- 
sure. Let Tp be the boiling temperature of the 
pure solvent and so its vapour pressure equals one 
atmosphere at this temperature. But at this tem- 


perature the solution will have a vapour pressure — — 
lower than one atmosphere and hence it will not » c b 
boil. With further increase in temperature, say to Fic. X14 Elevation of b. pt. 
of a solution 


Tp’, the vapour-pressure over the solution rises 
to one atmosphere when the solution would boil. This means that the solution 
has a higher boiling point than that of the pure solvent. The increase in boiling 
temperature is given by PR = Ty'—Ty = AT, and increase in pressure is given 
by PQ = pep = Ap. As the solutions are dilute, AT and Ap are small 
quantities. À 

Jn the solution vapour-pressure curve CD, at the point Q, the pressure is pı 
and temperature is T». At the point R, the pressure is p,? and temperature is 
Tp’. We can apply Clausius-Clapeyron equation at these points and write, 


L : L 
In py = — RT; + Z (constant) ; In p? = — TT + Z (constant) 
n Hop c iy) Tela 
: l T eo EHO 
i.e., n PU R Iz; el Rm TT 
where Ly is the molar latent heat of vaporisation. We may also write, 
0 L Ty 5 
In (1 2 Bh) I R , TE (To is very close to Ty’, hence TyTy' e TP) 
Ap Lv AT 
dm e See SS 
or, j^ ( pi? RT; 


Since n is quite small, expanding and neglecting higher powers, 
1 


ye re ols SE 
PY R’ HE 
But from Raoult's law, we know, P] = x, (mol-fraction of the solute). 
Ly AT 
ss War R Ti 
RTi 


or AT = Pe Xa ... QCI) 
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XL7. Depression of Freezing Point of Solutions. The normal freezing point 
of a liquid is the temperature at which the liquid and the solid phases have 
the same vapour pressure, the system being maintained under one atmosphere. 
In Fig. XL7, AB and AC are the vapour-pressure curves of liquid and solid 
phases of pure solvent. These intersect at A, which indicates the freezing tempera- 
ture T; of the pure solvent, the vapour pressure at A being p,°. 

The vapour-pressure curve of the solution 
of a non-volatile solute will be lower than that of 
the pure solvent and is represented by DE. At 
the temperature Ty, the vapour pressure of the 
solution is p, (say) at the point R ; and this 
pressure is less than that of the solid which is 
pj. Hence if solid is added to this solution, 
the former will melt to attain equilibrium. The 
solution on being cooled further, its vapour- 
pressure curve will meet the curve AC at the 
point Q, where (at pressure say ps, and tempera- 


Vapour pressure —» 


WW ag 


eae ie ture T7’) the solution will have the same vapour 
Fic. XL.7 Lowering of freezing pressure as the pure solid. Hence Ty' is the 
point of a solution freezing point of the solution and Ty’ is lower 


than Ty. The freezing point is lowered due to the presence of the solute. It is neces- 
sary to emphasise here that the solidgphase at Q must be that of the pure solvent 
and should not be a solid solution or a compound. A quantitative relation between 
the concentration of the solution and the freezing pt. depression can be worked 
out thermodynamically with the help of Raoult’s law ; the solution, being dilute, 
is considered as an ideal one. i 


The vapour-pressures at A and Q are p,° and ps and both of them lie on the 
vap-pressure curve of the solid phase. Using Clausius-Clapeyron equation, 


L:s 1 Lig 1 
O np)— -Rpt and 6) npe=—HRtZ 
where L, = molar latent heat of sublimation and Z a constant. 
In Pe — key l 1) _ LAT 
ao ary p RP EE) 
putting 7;—7,' = AT and assuming Ty.Ts! c T2, 
Again, the va 


T pour-pressures at Q and at R are ps and p, and both of them 
tic on the vapour-pressure curve of the solution. From Clausius-Clapeyron equa- 
2 > 


Ly 1 
() nps = Ri +Z, and (d) np, = REA 


where Z, is a constant and.F., = molar latent heat of vaporisation. 
pP. Lp1 1]. LAT 

= Iz -z = t . . . (B) 
Subtracting (B) from (4), 


since the molar latent heat of fusion of the solvent Lg = Ls—Ly. 


" aa 
Rewriting, In (1 e) = Ly AT 
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As 2 DEED is quite small, expanding the logarithmic series, we have, 
fa Pi 


[us 
Piz Dg INT 


PY RH 
os 
From Raoult’s law the mol-fraction of the solute x, = P TUNE hence 
Lr - MRT? 
bat zw or AT = L^ z.. (XL7) 


That is, the depression in freezing point is proportional to the mol-fraction of the 
solute. This again is a colligative property. 


è 9 n W/M; 
In dilute solutions, mol-fraction xy =% — = We Ms when wg gms of solute 
m  wjM; 
are dissolved in w, gms of solvent. The mol-wts. of solute and solvent are M; and 
Mı. Hence, 


RT? wM, RT? Wa 


AT Ly ` wM: l; å wyM, 
EERE We X 1000 
^T = nox M. | OU) 
: Bae 
That is AT = T000 xiy m, -.. (LY) 
m, being the molality of the solution, equals Wa 221000, where /; is the latent heat 
d Wi X Ms 
of fusion per gm. 
We may then say, AT — ky. m *« - (XL10) 


' 4 RI? ` 
where k is a constant for a given solvent equal to i000x1; . The constant k 7 is 


called the molal depression constant or the cryoscopic constant. 


When m = 1, ky = AT, ie. the molal depression constant is equivalent 
to the depression of freezing point of a solution of unit molality. One molal solution 
would however be too concentrated to obey Raoult's law. The value of k+ is 
obtained either from equation (XL10) using a dilute solution or computed from 
RT7/1000/, for the solvent. Different solvents have their specific molal depression 
constants, some of which are given in the Table below. Some substances lik: 
camphor, pinene dibromide etc. have very high ks values, which have found special 


applications. 
TABLE : MOLAL DEPRESSION CONSTANTS 
Solvent m.pt. C) ky Solvent 
m.pt. (° 
Water ] 0 1.86 Cyclohexane a n i 
Acetic acid 16.5 3.9 Naphthalene 802 23 
Benzene 5.5 5.12 ; Camphor ate! 
Nitrobenzene 5.6 6.90 40.0 


Pinene dibromide e 81.0 


484 PHYSICAL CHEMISTRY [ XI.8-9 


XL.8. Measurement of Freezing Point Depression. (i) Beckmann's Method. A sketch of the appara- 
tus used is given in Fig. XI.8. A wide glass tube ‘A’ with a side arm B is taken with a known 
weight of the liquid solvent. The tube is fitted with a cork through which are introduced a Beck- 
mann thermometer T and a stirrer S,. The tube A is placed in a much wider tube C, which serves 
as an air-jacket. The entire thing is then kept immersed in a freezing mixture. There is also a 
stirrer S, to stir the freezing mixture. 

The tube A is first directly put in freezing mixture to 
solidify the solvent. The tube is then slowly warmed in hand 
with continuous stirring till fully melted. It is then placed in 
the air jacket C and surrounded by freezing mixture. The 
solvent is stirred slowly ; its temperature goes down steadily, 
The temperature actually goes somewhat below the freezing 
pt. due to unavoidable supercooling. But when the crystal- 
lisation just starts, the temperature jumps up and remains 
steady for a reasonable time. This steady temperature is 
recorded from the Beckmann thermometer. À weighed 
pellet of solute is next added to the solvent through side arm 
B. The freezing point of the solution is again recorded as 
before. The difference of the two readings in the Beckmann 
thermometer gives the depression of the freezing point of the 
solution. 

(ii) Rast's Method. In this method camphor with its 
very high molal depression constant (ky — 40) is used as 
solvent and as such the method is applicable to solutes like 
alkaloids which are soluble in molten camphor. Even for 
dilute solutions, the freezing point is considerably depressed 
and the lowering can be measured with ordinary thermom- 
eters. Usually the f-pt. of pure camphor is first determined 
and then a solute of known mol-wt. is added in known 
amounts to a definite wt. of camphor and melted. The mix- 
Fic. XI.8 Beckmann's method ture is cooled and powdered and subsequently freezing point 
for measuring f. pt. depression is determined. From this, the value of molal freezing point 

constant is obtained. 

Once ky is known for the camphor sample, it can be mixed with a definite weight of a 
solute of unknown mol-wt. and the freezing point determined by repeated melting and freezing. 
The mol-wt. of the solute can then be calculated from equation (XI.8). 

d tod other ‘solvents’ with high molal freezing constants are also uscd such as Borneol 

raura s s rabromo-methane, camphor, quinone etc. These solvents are solids at room 

capillar ; the melting points of solvenis or their solutions can be easily determined by the usual 
pi'ary method and very little quantity of substance is needed. 


x beg ue knowledge that when a solution is brought in contact 
hausia MA : gi usion occurs. For example, if water is poured carefully 
tube, the two la ube on a saturated aqueous copper sulphate solution in a test 

" yers are well defined. On standing the two layers begin to merge ; 


copper sulph: i i i 
phate SONT oper Pu. into the water layer and water into the blue copper sul- 


process of diffusion conti il th ion is unif 
throughout. n continues until the concentration is uniform 
dme jns fende to attain equilibrium by diffusion. The rate of 
and the rate also Pe e proportional to the concentration of the solution used 

Teases with rise in temperature. When two solutions of unequal 


concentration are placed toge imilar diffusi i ; 
bation ie ati eur gether similar diffusion occurs until equality of concen- 


There are membranes whic 
solvent m 


olecules to i 
membranes. Many such pass through them. These are called semipermeable 


É ders such as pig's bladder, intestinal 
walls, skins of potatoes and other plants, the inner walls of egg-shells e as 


semipermeable membranes. Parchment paper, gelatine, cellophane films, layers 
of precipitated copper ferrocyanide on porous walls are also good semipermeable 
membranes : these permit solvent molecules to pass through but not the solute. 
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Now if a solution and pure solvent be kept separated by means of a semiper- 
meable membrane, the solvent molecules only will pass through the ME 
into the solution in order to dilute it. This phenomenon of diffusion of a Solvent 
through a semipermeable membrane from the solvent to d solution or from a dilute 
soluticn to a concentrated one is called osmosis. Since the solute cannot diffuse 
through the membrane, nature tends to achieve equilibrium through osmosis. 
r ds d ihat the passage gi solvent occurs in both directions, but the 

iffusion of the solvent from the solvent to the solution i Au 
that in the QppORte direction. SEAS OE used 

In 1784 Abbe’ Noilet made the first striking observati ig 
bladder filled will alcohol and tied at the neck JA kept V EL 
swelled and swelled and ultimately burst. A still better demonstration was t 
stretch and tie a piece of bladder across the mouth of an inverted thistle ime. 
It was filled with concentrated cane sugar solution - 
and kept partly immersed in water as in Fig. XL9. 
The liquid inside the stem of the funnel rose up 
gradually and finally the level became stationary. 
This is because due to osmosis, the water from 
outside enters through the membrane but when the 
hydrostatic pressure inside counterbalanced the 
force which caused the water to diffuse from 
outside, the eqm. is attained, and the level becomes 
stationary. The bladder in this experiment may be 
conveniently replaced by a cellophane. 

Other illustrations of osmosis may be cited. 
When a dry prune is placed in water, it swells as 
water enters through the semipermeable skin of 
the fruit due to osmosis. The hard outer shell of 
an egg may be removed by dissolving in dil. HCl. 
If the egg is m placed in Vm it swells. On the 
other hand, if the egg is placed in very concentra- Fio. XI. i + 
ted solution of salt, it will shrink. The thin mem- E owes and osmotic 
brane peream the hara shell S semipermeable. 

Red blood corpuscles when placed in a strong solution : 
when observed under microscope. But they swell dud burst eine E shrivel 
solution, which is the cause for haemolysis. pt in a weak 


X1.10. Osmotic Pressure. In the experiment with sugar solution i A 
funnel (Fig. XL.9) it is found that the hydrostatic ed is rp ted 
reaches a certain magnitude osmosis ceases. The diffusion of solvent thr h nit 
membrane does not end, but the rates of diffusion in both directions Sez ugh the 
same. The magnitude of the pressure (hpg here) which prevents osmosis ome the 
the osmotic pressure. This may be clearly understood in the following w: is called 
Suppose we have a U-tube, as in Fig. XI.10, provided with a er ay. 
partition at the centre X. One arm of the tube is filled with a soluti permeable 
: other with pure solvent. There are tah aes the 
ments for applying pressures on the liquids. N rrange- 
solvent will pass through X into the sol ormally 
osmosis will occur. This diffusion of the eus Le, 
the solution through the membrane can b vent into 
acted by applying pressure z over the sol CN 
excess: pressure 7 on the solution that Dro The 
prevent osmosis is called the osmotic E : pins 
solution. The term is somewhat misleading, dort 
> 


solution by itself cann 
Ot exert any 
4 s pressure dui 
osmosis. The osmotic pressure of a Solution is the 


Fic. XI.10 Osmotic pressure required to prevent osmosis when the soluti 
ion 


pressure is separated from pure sol i 
MAU P vent by a semipermeable 


n 


Solution x Solvent 
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We shall see later that the magnitude of the osmotic pressure depends on vari- 
ous factors. This pressure is however not dependent on the nature of the mem- 
brane provided it is really a semipermeable one. Hence although the membrane 
makes the osmotic pressure manifest, it is not the cause for the existence of the 
osmotic pressure. The latter should be considered as a measure of difference in the 
thermodynamic potentials of the solvent and the solution. 


XL11. Experimental Meesurement of Osmotic Pressure. Two main difficulties arise intheexperi- 
mental measurement of the osmotic pressure of a solution. Firstly, to prepare a satisfactory 
semipermeable membrane which would stand fairly high pressures is not so easy. Secondly, the 
application and measurement of high pressures involved very often proves also a difficult problem. 

One of the extensively used semipermeable membrane is prepared by Traube's method by 
depositing a ppt. of copper ferrocyanide in the pores of an earthenware pot. And earthenware 
porous pot, specially prepared without binders, is thoroughly cleaned, dried and finally soaked 
in water till thé pores are filled with water. The pot is then placed in a 3% solution of CuSO, 
for a few hours, The interior of the pot is then washed and quickly dried. Next it is filled up 
with a 3% solution of potassium ferrocyanide and the pot is again placed in copper sulphate 
solution. The diffusion of the salts leads to a deposit of jelly-like precipitate of copper ferrocyanide 
in the pores of the walls of the pot. In fact a membrane is formed inside the pores turning the 
pot into a cell of semipermeable walls. Sufficient time is allowed for any diffusion of salt to cease. 
The cell is then thoroughly washed free from all electrolytes and is ready fur measurement. In 
1877, Pfeffer made the successful quantitative determination of osmotic pressure. His method is 
still followed with, of course, considerable modification and improvement. 

Pfeffer's Method. A semipermeable cell A, an earthenware porous pot with deposit of copper 
ferrocyanide, is cemented with a wide glass tube B. The tube B has a side-tube to which is attached 
a calibrated manometer (M) with N;-gas enclosed above mer- 
cury. À diagrammatic sketch of the apparatus is given in Fig. 
XI.11. The cell and the space up to mercury is filled up with the 
solution. The filling is made through a tube which is ultimately 
sealed off. The pot is placed in a bath of pure solvent at a cons- 
tant temperature, As the solvent diffuses in, the pressure rises. 
When equilibrium is attained, the pressure is recorded from the 
manometer. The concentration of the solution may change to 
some extent due to entry of solvent but with a closed type mano- 
meter‘the dilution is indeed negligible. 

Pfeffer made extensive measurement of osmotic pressure of 
various solutions. Later on Morse and Frazer and their co- 
workers also collected considerable data. They also followed 
essentially the same method but used much improved semiper- 
meable membrane, obtained by electrolytic deposition d 

s copper ferrocyanide, which could stand very high pressures. 
FiG. dp DAT osmotic their preparation of the cell, they took copper sulphate solution 
inside me clean porous pot and placed the pot partly dcn 
in pot-ferrocyanide solution. Electric current was sent throu; 
me such that copper ions travel outwards and ferrocyanide ions travel inwards. These 
4 unter each other at the porous wall where a thin and unif deposit of copper ferrocya- 
nide was formed. This proved to be a more efficient SE cab. a able of with- 
standing much higher p e n semipermeable membrane capa! ) K 
Tessure. Subsequently other workers also introduced modifications in 
measurement of pressure. Instead of using a monomet ed with the 
help of an electric resistan neter, the pressure was measured wil 

F Ce gauge, or by a water interferometer from which the pressure was 

obtained from the change in refractive index of water. 
Berkeley and Hartley's Method. Berkeley and 
Hartley (1906) introduced a different technique 
in measuring osmotic pressure. In this method the A 
solvent is not allowed to enter the solution H 
but an external pressure is appliedon the solution just 
enough to prevent inflow of solvent. This applied 
pressure is the osmotic pressure., An outline of the 
apparatus is shown diagrammatically in Fig. XI.12. 

The inner porcelain tube has electrically deposited 


Solution 


Water 
Fic. XI.12 Det. of osmotic pressure 
(Berkeley and Hartley) 
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copper ferrocyanide in the pores of its wall and serves as the semipermeable membrane. At one 
end of the tube is fitted a capillary tube 4 and at the other end there is a tube leading to a 
funnel through a stop cock. A much wider gun-metal tube B surrounds the inner tube and is 
tightly cemented to it. B is provided with a piston to which a pressure gauge is attached. 
The annular space between the two tubes is filled up with the solution, while inside the inner 
tube is introduced pure solvent up to a definite mark A in the capillary. A pressure is applied 
on the piston so that the water level in the capillary remains constant. This pressure recorded 
from the gauge is the osmotic pressure. The advantage of the method lies in its rapidity of deter- 
mination and that the concentration of the solution remains unaltered. 

Comparison of Osmotic Pressures. De Vries developed ar ingeneous method for comparison 
of osmotic pressure of two solutions using plant cells for the purpose. The walls of plant or animal 
cells with their inner membrane behave as semipermeable membranes. These permit water to 
diffuse through them but do not allow the substances of the cell-sap such as sugar, salts etc. to 
come out, When such a cell is placed in a concentrated solution, the water of the cell passes out- 
wards and the membrane of the cell wall shrinks ; this is called plasmolysis. On the other hand, 
if the cell is placed in a dilute solution or in water, it swells. The shrinking or swelling can be clearly 
detected by observing them under the microscope, especially if the cells are stained. 

The osmotic pressures of the two solutions were compared by finding out how much these 
had to be diluted to produce no effect—i.e., no shrinking or swelling—on the cells. Such solutions 
which have no effect on the cell fluid are called “isotonic” solutions ; these are in equilibrium with 
the cell-sap so far as their tensions are concerned. A 0.84 per cent NaCl solution is isotonic with 
the contents of our red blood cells and is usually called “normal saline". Had the cell-membrane 
be perfectly semipermeable, isotonic solutions would also be isosmotic, that is, tbe two solutions 
would also have same osmotic pressure. The imperfect semipermeability of the cell-membranes 
means that isotonic solutions are not strictly isosmotic. 

Different explanations have been forwarded from time to time for the semipermeable nature 
of the membranes. The early idea that the pores of the membrane were not sufficiently big to 
permit the solute molecules to pass was discarded for the simple fact that the membranes were also 
impervious to solute molecules which were definitely known to be smaller in dimensions compared 
to the solvent molecules. Ih other theories, the solvent molecules are supposed to be soluble in 
the membrane material, or to form loose compounds with the membrane molecule or adsorbed 
in the capillaries of the membrane. It is yet difficult to say very definitely anything regarding 
the mechanism of semipermeability. The solution has a lower vapour pressure than that of the 
pure solvent and the process of the solvent passing into the solution involves probably the distil- 
Jation through the capillaries of the membrane. 


XL.12. Laws of Osmotic Pressure. The wealth of data which accummulated from 
the experiments of Pfeffer, of Morse and Frazer, of Berkeley and Hartley and their 
co-workers led to certain very interesting conclusions. It was realised quite early 
that the osmotic pressure of solutions depends upon both the temperature and 


the concentration of the solutions. Quantitatively these were formulated into the 


following laws. Le : 
Law 1. Temperature remaining constant, the osmotic pressure (m) of a solution 
is directly proportional to its concentration (C). 


That is, a =k,C, where k, is a constant, 
The concentration C is expressed in molar units, so that C = 1/V whe 7 
mole of the solute is present in V litres of solution. ! n 1 gm 
Hence "V = kı 2. (LI 
It was van't Hoff who pointed out this fact that osmotic pressure obe 
law analogous to that of gas-pressure, i.e., Pee Law. ys a 
Law 2. Concentration remaining constant, the osmotic pressure ; 
varies directly as the absolute temperature (T). (x) of a solution 
That is m = kT, k,is a constant 
It is important to note that this effect of temperature on the osm 
is similar to the effect of temperature on gas pressure, 
law. : : 
Below are appended some experimental data which establish the validity of 
the two laws. 


osmotic pressure 
as enunciated in Charle’s 
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TABLE : OSMOTIC PRESSURE OF SUCROSE SOLUTIONS (15°C) 


Conc. in gms 7 (osmotic pressure) alC 
per 100 gms mm of Hg 
10 535 535 
20 1016 508 
40 2082 521E 
60 j 3075 513 


TABLE : OSMOTIC PRESSURE OF SUCROSE SOLUTIONS (0.1 molal) 


Temp. (T°K) 7 (osmotic pressure) n/T (x10?) 
273 7.085 2.594 
283 7.334 2.591 
293 7.605 2.595 
298 7.729 2.594 
The two laws enunciated above may be combined, so as to give the relation 
m = CKT, 


when both temperature and concentration would vary. K is a constant. If the 
solution contains 7 gm-moles of solute in V litres of solution, we have 


7 = 4 KT or «V = nKT. v (X113) 


. It may then be stated : " Equimolecular quantities of different solutes dissolved 
in the same volume of a solvent exert equal osmotic pressure at the same temperature." 
It is presumed that the solutes are Supposed not to suffer dissociation or association 
in the solution. This is Sometimes mentioned as the third law for osmotic 
pressures, 

As equimolecular quantities contain the same number of molecules, the 
above statement may be expressed alternatively : *Equal volumes of different 


Ideal gas equation : PV 


= nRT 
Osmotic Pressure equation : "V 


nKT 


UE ccr mental values of m were substituted in equation XI.13, the 

that of “R” of Ate Digs ars to ie 0.082 litre atmosphere/degree, the same as 

; e lon. Equation XL13 for solutions now becomes, 
(C is the molar concentration of the solute in the solution), 

"V = nRT 

or m ORT 2. (XL14) 

na Mion tie m € rightly Stated : “The osmotic pressure of a substance in 

Sealed Poche sors would exert if it existed as a gas in the same volume as that 

ae a aR dn Ra at the same temperature.” The solution is dilute and the 

yo mae eee pled by the solute in solution is negligible compared to the volume of 


This is generally called vag Hoff’s law of 
a combination of the separate laws Stated earlier. 


I 


osmotic pressure, which is really 


XI.13. Thermodynamic Derivation of the Osmotic Pressure Law, 
reservoir of pure solvent having vapour pressure Pi’ is placed by th 
reservoir containing a solution having a vapour pressure p}. 


Suppose a large 
he side of another 
It is known Dn. 


C 
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z Let Ax gm-mole of the pure solvent be vaporised at constant temper: 
by keeping the pressure infinitesimally smaller than p,°. Since the EUR ae 
out reversibly at constant pressure and temperature, the Gibbs potential change 
AG, = vdp—sdT = 0 

Next the Ax gm-moles of solvent vapour at pressure p,° is placed in a cyli 
with a piston and expanded reversibly and isothermally nb the xin 
to pı. The Gibbs potential change, AG, = AxRT In A 

: 1 

Finally, the vapour, Ax gm-moles at pressure p,, is condensed reversibl d 
isothermally to the reservoir of solution. The Gibbs potential ch. he 
thermal isobaric condensation, AG, = 0. - E anges dor INE 180- 

Hence, the net Gibbs potential change in the process of dilution of t i 
by Ax gm-moles of solvent is pa atom 


a Pı 
AG = AZRIN T «a (XLI15) 


The change in concentration due to this dilution is negligible, = 
is too small in comparison to the solution in the large Bat ie le. Ax gm-mole 

The dilution of the solution can also be effected in other ways and the Gibbs 
potential change would be the same provided the processes are reversible. Suppose 
the solution is kept separated from the solvent by a semipermeable membrane 
Let the pressure on the solution be P and that on the solvent P', so that diffu- 
sion of solvent through the membrane is just prevented. Then the osmotic pressure 
(7) of the solution is P—P’. 

By lowering of the pressure on the solution, allow Ax gm-moles of pure sol- 
vent pass into the solution reversibly and isothermally. If V is the partial molar 
volume of the liquid solvent, then the volume entering the solution is Ax/, 
The Gibbs potential change . 


E 
aor J AxVdP = AxV(P'-P)— —AxVm — ...(XL16) 
P 
assuming V to remain constant. 


Both the equation XI.15 and XI.16 represent the Gibbs potenti 
for the addition of same amount of solvent to the same solution, i raa change 


— Ax. V.m = AxRT In gu = —Ax RT In 2X 
Pr Pi 


0 
V = RT in P1- 
or T D ++. (XLI7) 
This is the thermodynamic relation between osmotic pressure and oot 
T 


pressure. — r 
Very dilute solutions of non-volatile non-electrol 
ideal and Raoult’s law holds good, so that O'ytes may be regarded as 


Pı = Xp, where x, is the mol-fraction of the solvent 
ent. 


0 
ie., In = —In x, = —In(1—x,) & x, 


where mol-fraction of the solute (x;) is quite small and 


Substituting in eqn. (XI.17), we have, In (07x) es Xp. 


"TV = RTx, x 
+». (XL18) 
— uH 
ST dm n+ 


Since in dilute solution z; 27; 2. «V = a RT 


e 
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Where n, gm moles of solute 2 are dissolved in n, gm-moles of solvent, the 
volume of the latter is, say, v = nj V. 


mv = n, RT .. . (XLI9) 
or T= “2 RT = CRT 2. (XL14) 


Where C is the molar concentration of the solution. This is the same relation 
proposed earlier. 


eine Osmotic Pressure and Other Colligative Properties. Rewriting equation 
.18) ; 


nV M3 
x, = RT == PRT Moto (X1.20) 
(where M, = mol. wt. and p = density of the solvent.) 
From Raoult'slaw we know, x, = a 
Ap 7M, 
hence = = Se .21 
pi pRT nd 


This gives the relation between osmotic pressure and relative lowering of 
Vap-pressure. 


Further, we know from equation (X1.3) that the elevation of boiling point 
of a solvent is Proportional to the mol-fraction of the solute, 


x = Rp AT 
Substituting this in equation (XI.20), we find, 
Or m = 2E AT 
< A =h, cS FAT . . . (X122) 


i.e., using eqn. (XI. . — pRT.AT 
(XL.5) ORE . . . (XL222) 


where T is the temperature at which osmotic pressure 7 is measured. 
Similarly for the depression of freezing point (equation XI.7), 


A % = ear 
Combining with equation (X129), we have 
— PUT _ pTi 
T Mg ^T = “Tp AT . . . (XL23) 
i.e., from eqn. (XL.10), 7 = T oe ra AT . (X1.23a) 


The osmotic pressure is therefore directly related to other colligative properties. 


XI.15. Determination of Molecular Wei 


4 ghts from Colligative Properti 
The colligative properties of solutio; E eed fee 


ns are extensively employed for molecular 
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rmination, especially the depression of freezing pt. and the elevation 


weight determ : 
of boiling point. If we have a solution of wa gms of solute of unknown mol. wt. 


M, dissolved in w, gms of a given solvent (mol. wt. M), the different colligative 
properties are quantitatively expressed as : 
: AP n wa/ M: 
I. Lowering of vapour pressure (eqn. XI.2) : a = 2/473 
i g pour p eq ) pj o npn, Wy/My+W/My 
Il. Boiling pt. elevation (eqn. XI.4) : AT = Ky 1000 
Wx Ms 
Ill. Freezing pt. depression (eqn. XL8) : AT = Ky. Wa x 1000 
wX Ma 
; - Wo/ Ma 
IV. Osmotic pressure (eqn. X1.14) : a= CRT z RT 


We have further seen that the extent of lowering of vapour pressure, or 
depression of f.pt. or elevation of b.pt. can be measured with reasonable accuracy. 
Thus, with the help of such a measurement and application of the relevant equa- 
tion from above, the molecular weight (Ma) of the solute is found out easily. A 
few problems are worked out below to illustrate such determination. 


[In the problems cited below ‘a’ gms of solute are present in ‘b’ gms of solvent] 
Problem 1. The melting point of phenol is 40°C. A solution containing 0.172 gms acetanilide 
(C,H,ON) in 12.54 gms phenol freezes at 39.25°C. Calculate the freezing point constant and the 
latent heat of fusion of phenol. 
The freezing point depression, AT — 40—39.25 — 0.75 ; mol wt. M, — 135 


ik AT.b.M, _ 0.75 x12.54 x135 


pence, Kion ~~ o.i72xio0  — 7? 
LORD) _ 2xG13)" 
Since Kr— 71000 ^ 1x1000 
^ 2x313* 3 
or, latent heat of fusion of phenol, l= 7738x1000 ^ 26.5 calories per gm. 


Problem 2. The freezing point of pure benzene = 5.44°C and that of a solution containing 
2.092 gms of benzaldehyde in 100 gms of benzene is 4.44°C. Calculate the mol-weight of benzal- 


dehyde, when Ky for benzene is 5.1. 


he ax100 
A= gxMVUM 
L ax1000 p _ 2092x100 
or iS Ex AT f 100x (5.44—4.44) .l = 106.6. 


Problem 3. A solution containing 2.423 gms of sulphur in 100 gms of napht 
80.1) gave a freezing point depression of 0.64*C. The latent heat of fusion of E (m. pt. 
calories per gm. What is the molecular formula of sulphur in the solution? ene is 35.7 


RT? axi000 
ATs = 70001 bx M; 
2 
or 0.64 = 2x653) ,2423x 1000 
1000x35.7° 100x M, 
whence, M; = 264 


But atomic weight of sulphur is 32. So, mol-formula of sulphur is S, 
s- 


Problem 4. The boiling point of acetic acid is 118.1°C and it 

5 diets 4 1 ate gs 
121 cals. per gm. A solution containing 0.4344 gms anthracene in 44. ies xs : i: Hevaporaoniie 
at 118.24°C. What is the mol-weight of anthracene? gms of acetic acid boils 
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AT» = 014, , 
ax1000 RT? ax1000 

M, = 5 
2 — Ko SR AT, ^ DX1000 bx AT; 
.002x(391.1)* 0.4344 x 1000 
121° 44.16x0.14 


Problem 5. At 25°C, the vapour-pressure of water is 23.55 mm, what would be the vapour 


pressure of a solution containing 6 gms of urea (mol-weight 60) in 100 gms of water at the same 
temperature, 


Let P be the vapour pressure of the solution. Then 


= 178 


Hyg 5 Hh 
Po ny+nı 
23.55—P 6/60 | — O01 
9r (23.5  — 6/6043100/18  0.1+5.55 
whence P = 23.13 mm. 


Problem 6. A current of dry air is passed through a series of bulbs containing a soiution of 
8.914 gms of nitrobenzene in 100 gms of alcoho! and then through a series of bulbs containing 
pure alcohol, at the same temperature. After the passage of air, the loss in weight of bulbs con- 
taining the solution was 2.034 gms and that of the bulbs of pure alcohol was 0.0685 gms. Calculate 
the mol-weight of nitrobenzene. 

Let P and P, be the vapour pressures of alcohol over the solution and the pure solvent at that 
temperature. The solute is regarded as non-volatile. 

On passing through the Solutions, the air was saturated up to the pressure P, by vaporising 


2.034 gms of alcohol. Subsequently, the air was led through pure solvent and it was saturated 
to pressure Po, for which it absorbed 


a further quantity of alcohol vapour, i.e., 0.0685 gms. Hence 
the total amount of vapour Tequired to saturate the same volume of air up to pressure P, = 2.034-+ 
0.0685 = 2.1025 gm. 

Obviously, P oa 2.034; and Py co 2.1025. 
Hence P—P X 0.0685 
Po 2.1025 
8.914 
But IFS om M. 8.914 x46 
ips = = 00 = E (mol. wt. of alcohol — 46) 
mild 1 
46 
or 0.0685 £ 8.914 x 46 
2.1025 100xM, 
whence, 


M; — 125.8 


Problem 7. At 100°C the va, 01 i i 
ofiater ede one Pour pressure of a solution of 6.5 gms of a solute in 100 gms 


IE N boiling point of the solution? (Kp = 0.52). Assume the laws of 


At 100°C, the vapour pressure of pure water P, = 760 mm. 


So AP = P.—P = 760-732 — 28 mm. 
A EAD 28 
Ny Po 7160 
"m AT, = Ko ax1000 
bx M; 
" v n, 1000 28 1 
jy, = Mand = nM) gy 100 _ n 
(Since A A 3M; b " M, 0.52 x 760 X 18 = 1.064? 


Hence the boiling temperature of the solution, T = 100--1,064 = 101.064*C. 
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"Problem 8. Calculate the freezing point of a solution of cane sugar which has an osmotic 
pressure of 5 atmospheres at 50°C. 


] pRT.AT 1 x0.082 x 323x AT 
23 
From equation (X1.23a), 1000x Ky 1.86 


3 


5x1.86 


or AT = 082x323 = 0.352, using R in c.c. atmos, as p is in c.c. . 


The freezing pt. of the solution is —0.352°C. 


XL16. Abnormal Behaviour of Solutions. Experimental measurements of osmotic 
pressure, vapour-pressure lowering, freezing. point depression or boiling point 
elevation readily conform to the values expected from the relations derived in 
the preceding sections, especially when dilute solutions of non-electrolytes are 
taken. In fact, b.pt. elevation or f.pt. depression are often employed for deter- 
mination of molecular weights. But there are instances when the experimental 
results are at variance with the theoretically calculated values. The abnormal 
values obtained may be attributed to two different causes. 

L The real solutions, even of non-volatile non-electrolytes, often are not 
ideal, especially at higher concentrations. This non-ideal behaviour of solutions 
lead to abnormal results. 

IL Abnormal experimental results are also obtained when the solutes, even 
in dilute solution, are either associated or dissociated. We may consider these 
separately. 

Non-ideality in Solution. All the laws for dilute solutions are derived on the 
basis of Raoult’s law. Raoult’s law is valid for ideal solutions only. But real 
solutions obey Raoult’s law only at low concentrations. When the concentration is 
high, solutions indeed exhibit considerable departure from the law. The deviations 
may be positive or negative. This is illustrated in Fig. XI.13, in which vapour pres- 
sures are plotted against concentrations (mol-fraction) of the solvent (p, = x;p,^). 
In this figure, Curve I is the linear one as theoretically 1 
expected from the Raoult's law, while curves IL and 
Ill are the typical experimental observation with 
positive and negative deviations from the law. At low 
concentrations of the solute however, all the three 
curves merge together. This means that at high 
dilutions, all solutions approach ideality. This is why 
the colligative properties of dilute solutions are 
observed to obey the relations deduced earlier satis- 
factorily. 

The element of non-ideality enters into the 
picture when the molecules of the solute and the 
solvent affect each others’ intermolecular forces, or 


Pp — 


Vapour pressure 


if there be association or complex formation between os 0:0 
the solute and the solvent. These become quite Mol Fraction, x, 
conspicuous when the concentration of the solution Fic. X1.13 ; 
is high. Hence at higher concentration the experimen- i Gace a and 


tal results are found to be abnormal. 


Association in Solution. Some solutes when dissolved 
solvents like benzene, cyclohexane, carbon-tetrachloride 
remain associated. Thus, carboxylic acids like acetic acid benz 
mostly as dimers in benzene solution. Evidence of the exist 
has also been found in the results of partition coefficient ex 
The association would render the number of solute marie 
would have been if the solute were present as single molecul 
dilute solutions, being colligative in nature, depend on the numb 4 
cles and not on their chemical composition. In consequence YE er of solute parti- 
pressure, freezing point depression, boiling point elevation ps of osmotic 
than those theoretically anticipated from the relations derived for ene ds 

. The 


in non-hydroxylic 
nitrobenzene etc. 
oic acid etc. remain 
ence of association 
eriments (sec. X.3). 
es less than what it 
es. The properties of 
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molecular weight calculated from the observed freezing point lowering or boiling 
point elevation etc. in such cases would obviously be higher. The observed values 
for the mol. wt. of acetic acid obtained from freezing point depression are given 
in the table here, which shows that except in very dilute solutions, the molecular 
weight is nearly double that of its chemical formula (mol. wt. 60). 


TABLE : OBSERVED MOL. WT. OF ACETIC ACID IN BENZENE SOLUTION 
Molality AT; CC) Obs. mol. wt. Degree of 


Association 
0.003 0.016 65.8 1.09 
0.015 0.054 84.5 1.41 « 
0.097 0.254 117.0 1.95 
0.510 1.252 114.5 2.07 
1.025 2.410 130.2 247 


It is clear that at very high dilutions only acetic acid remains as single mole- 
cules in benzene solutions ; at low dilutions most of the acid remain as dimers. 
At fairly high concentration, the degree of association even exceeds 2. This is 
due to the fact that apart from association, the solution also shows positive devia- 
tion from Raoult's law to some extent. 

The degree of association can also be evaluated. Suppose a is the degree of 
association i.e., the fraction of total solute present as dimers of mol. wt. 2M). 
Then (1—a) fraction would remain as single molecules of mol. wt. M,. If M is 
the mean (observed) mol. wt., then 


M(1 ~$) = 24 (5) + My (1-2) 


G: d= ee) Ls. (XL24) 


If n molecules are associated, i iati imi 
be given by, ; Instead of 2, the degree of association would similarly 


; "m em. : Pu N25) 
With hydroxylic Solvents like water, alcohols etc. carboxylic acids remain 


as single ; c 
c Mes ze eeter and their mol. wts. are found to correspond to simple mole- 
ents with high dielectric constants are often mentioned as disso- 


ciating solvents, 
The finding of a hi e 
mean asocio OF fon P aioe for mol-wt. from a colligative property does npt necessarily 


e i d n ; 3 Y 
benzene or in cyclohexane sangeet in solution. This may be illustrated in the case of nitro- 


TABLE : ©) 
BSERVED MOL. WT. oF NITROBENZENE IN BENZENE SOLUTION 
(Mtheoreticat = 123) 


Molar 
Conc. ATCC) Moss Mobs Molar RON Mobs 
0.286 1.632 129 Miteo | Conc. f us 
0496 — 270 13:9 175 0.35 — 3950 143.7 15 

Y 1.11 1180 6.230 1527 135 


molecular forces in each of solute and solvent, 
Abnormal molecular weights are also found for phenols, alcohols, etc. when dissolved in 


benzene and other non-polar solvents. The higher values, it is beliey : 
> are " 
tion of solute molecules and partly due to non-ideality of the ere partly due to associa 
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Dissociation in Solution. In 1885, van't Hoff found that dilute aqueous solu- 
tions of electrolytes such as NaCl, MgSO, etc. show a considerable departure from 
the ideal. The observed osmotic pressure of solutions of salts of known concen- 
tration (C) was found to be much higher than that predicted from the relation, 
` &—CRT. As a result the mol. wts. calculated from the observed osmotic pressure 
is much less than that from the chemical formula of the solute. Van't Hoff did 
not offer any explanation for the abnormal results, but introduced a factor, i, 
to contain the deviations from ideal equation in case of solutions of electrolytes, 


expressing 


io = CRT,  Tobserved = 1CRT . +» (XL26) 
ji obs 
Therefore, LT Ma 00:3 De) 


The vant Hoff's factor “i” is thus the ratio of the observed osmotic pressure 
and the ideal osmotic pressure. 

It was further found that for a given solution of an electrolyte the deviation 
in any colligative property would be the same as that in osmotic pressure, i.e., 


— obs AT hobs) D AT blobs) = APobs (XI.28) 


v Theo ATyitheo) ATotheo) AP (theo) 
In high dilutions, “i” tends to the numerical value “two” for electrolytes like 
NaCl, MgSO,, HNO,, etc. For electrolytes like H,SO,, CoCl, etc. the value appro- 
aches “three” ; for KsFe(CN)<, the value tends to "four" and so on. 


TABLE : VAN'T HOFF FACTOR “i”? FROM OBS. AT, FOR DIFFERENT ELECTROLYTES 


Molality 
Electrolyte 
1.00 0.1 0.01 0.001 
NaCl 1.81 1.87 . 194 1.97 
HCl 2.12 1.89 1.94 1.98 
CuSO, 0.93 1.12 1.45 = 
HNO, 1.92 1.89 1.96 1.97 
Me M 
HSO. 2.17 2.12 2.46 2.82 
CoCla — 2.62 2.75 2.90 
Pb(NO)s 1.31 243 2.63 2.89 
—À'"l —————— 
K;Fe(CN)e = 2.85 3.36 3.82 


The explanation of the abnormal colligative properties of solutions 7 
lytes comes readily from the Arrhenius dissociation theory. C te 
dissociation theory, the electrolyte molecules in solution break up into positiv. 
and negative ions. In very high dilutions, the dissociation is complete. Thus in 
dilute solutions, p molecules of NaCl will give rise to 2p ions Sp molecules f 
H,SO, will give 3p ions and so on., Since the colligative properties depend h 
units of solute present in solution irrespective of their chemical nature and b on the 
due to ionisation the number increases, the values of the colligativ ecause, 
observed are much higher. In fact, these results from the dilute solutio, properties 
strongest and most dramatic support to the Arrhenius theory of dis ons gave the 

Generally speaking, suppose a molecule breaks up into 7; ion: ALSO 
tion of concentration c. If a is the degree of dissociation, then ^ S Yen solu- 


conc. of undissociated molecules = (1—a)c 
and conc. of (dissociated) ions = nae 


Hence total conc. of solute particles = c[1+n—] a] 
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The osmotic pressure of such a solution, mobs = c[1--(n—1)a]RT. But from 
eqn. (X1.28) van't Hoff's corrected equation is, mobs = i.cRT 


Hence i = 1+(@-—I)a 
La xU aa (XL29) 


As ‘i’ is experimentally determined from freezing pt. measurement or measurement 
of other colligative properties, a is known. The degree of dissociation determined 
in this way is found to be practically the same as obtained from conductance 
measurements. Such identity confirms the explanation given above. 


Problem 1. What would be the concentration in gms per litre of a solution of a non-electrolyte 
(mol. wt. 180) which would be isotonic with decinormal solution of sodium chloride, whose 
apparent dissociation is 85%? 


lta 1.85 
The osmotic pressure of NaCl solution, r= i RT = ST RT. 
The osmotic pressure of the unknown solution, 7 — isi RT where w gms of the solute is 
present per litre. 
1. z 
5 = =a , Whence w = 33.3 gms/litre. 


Problem 2. A solution Containing 4.13 gms of lithium chloride per litre freezes at —0.343°C. 
Calculate van't Hoff’s factor and the degree of dissociation. 


Mol-wt. of LiCl = 7435.5 = 42.5 
Calculated depression = 1.86x 4.13 
42.5 


AT, 0033x425 _ 
AT io 186x413 


i= 1,898 


and degree of dissociation a — i=! 


Scare i—l = 0,898 i.e., 89.8%. 


Reference for Further Reading 


1. Text book of Physical chemistry. Chapter IX —Glasstone. 
2. Thermodynamics of solutions : Chem. Rev. 44.1, (1949) 


3. Solubility of non-electrolytes (1950)—Hildebrand and Scott. 


Problems 


1. Deduce relationships between vapour-| 
and the boiling point elevation of a solvent by 

2. What is the vapour pressure at 100°C 
water. 

3. The boiling pt. of benzene is 80°C and it is raised to 82.3 
is added to 100 gms benzene. Find out the molal elevation constan 


pressure lowering and the freezing pt. depression 
a non-electrolyte solute. 


of a solution containing 2 gms sucrose and 16 gms 


(Ans. 755 mm) 
°C when 13.75 gms of diphenyl 
t and latent heat of vaporisation 


of benzene. (An 
d s. L = 7500 cals/mole) 
4. 0.142 gm naphthalene in 20.25 gm of benzene lowered the freezin t. b $ i 
the mol. wt. of naphthalene (Ky = 5.12). VM het o 


: Ans. 126) 
5. A mixture of 1 gm naphthalene (M — 128) and 10 gm camphor freezes at De whereas 


pure camphor freezes at 177.5°C, What is the cryoscopic constant of camphor? 
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The melting point of a mixture of | gm acetanilide a. i o - 
the mol. wt. of acetanilide? Mol. wt. ch canine as d d (ane S 
6. 100 gms of benzene contained 10 gms ofa non-volatile solute (4). The Joss Se DIE i 
solution in bubbling a slow stream of air through it was 1.205 gms. The same volume of air wich 
passed through pure benzene the loss was 1.273 gms. What is the mol. wt. of (4)? (Ans. 130) 
7. A solution of 0.174 gms of K,SO, in 100 gms of water freezes'at—0:05^C. Calculate d 
of dissociation and apparent mol. wt. egreg 
8. What is the osmotic pressure of human blood as it is isotonic with 0.9 per cent NaCl solu- 


tion at 27°C? (Ans. 7.6 

vts : . 7.6 atmo 
9. The f. pt. of blood serum is —0.28°C, calculate its osmotic pressure in cms of ren 
(Ky = 1.86). (Ans. 284 cm) 


“10. The vapour pressure of an aqueous solution of cane sugar (mol. wt. 342) is 756 mm at 190°C 
how many gms of sugar are present in 1000 gms of water. 


Calculate the freezing point of the solution also. (Ans. 100.4 gms) 
11. A solution of 3.6 gms of 4 in 150 c.c. water gave an osmotic pressure of 4.48 FS D 
17°C, What is the b. pt. of the solution? (Ky = 0.52) (Ans. 100 098°C) 


12. The osmotic pressure of a 3% aqueous solution of ‘4’ at 25°C is 3.632 
is the pressure of the solution at 25°C? The vap. pressure of water at 25°C is ERE M roe 
. 13. The f. pt. of a solution of 1 gm of a monobasic acid in 100 gm ve ie ed do» 
—0.168°C and 0.2 gms acid was neutralised by 15.1 c.c. of 0.1 N NaOH. Show that the acid 
solution was 20.2% dissociated. (Ky = 18.5). 1 

14. At 10°C, the osmotic pressure of a urea solution is 500 mm. The solution is diluted and 
the temperature is raised to 25°C when the osmotic pressure is found to be 105.3 mm. Determine 


the extent of dilution. 1 
15. A solution of 1.73 gms of A in 100 c.c. water is found to be isotonic with a do» genes) 
of sucrose. Calculate moleculer wt. of A. (Ans ion 
16. Calculate the mol. wt. of a substance 10 gm of which in 1000 c.c. of solution at 25°C a x 
an osmotic pressure of 3 mm of Hg. IRI eet 


17. The molality of dissolved gases in water at 0°C and 1 atm. is 1.29 x 10-3 Th 

: à p: . : ; The deci 
in volume during melting of ice is 0.0907 c.c./gm. The latent heat of fusion is 1436.3 end 
The vapour pressure at triple point is 4.58 mm. Calculate the triple point temperature , 


AT = Kym = 1.862 x 1.29 x 10-9 = 0,0024°C 
Hence, when dissolved gases are removed, the f. pt. of water shall be + 0.0024°C 


; 14363 _ 82:05 
Again Ly = 14363 cal = THO x os ~ 3290 c.c.-atm./gm. 
From Clapeyron eqn., 
TAY A 273 x (—0:0907) . (4.58—760) 
AD eripe 3290 (agp + 0.0075°C 


<. The triple-point temp. = 0.0024 + 0.0075 = 0,0099°C 


CHAPTER XIÍ 


ELECTROCHEMISTRY : CONDUCTANCE 
OF SOLUTIONS 


XIL1. Electrolytes. Substances like mica, wax, glass, ebonite etc. strongly resist 
the flow of electricity and practically do not allow any current to flow through 
them. These are called non-conductors. But there are other substances such as 
copper, silver, mercury, water, solutions of salts, acids etc. through which electric 
current can easily pass ; these are called conductors. The conductors are broadly 
classified into two categories : (i) electronic conductors or metallic conductors 
and (ii) electrolytic conductors or electrolytes. 

Electronic conductors in which are included the metals, alloys, graphite 
etc. are those where the electricity is carried exclusively by the transport of electrons. 
The electrons flow from a higher negative potential to a lower one ; there is no 
transport of matter during the passage of electricity. 

_ In electrolytes, the flow of current is accompanied with actual transfer or 
migration of matter. It will be seen that such transfer of matter leads to the de- 
composition of matter at the points where electricity enters or leaves the electro- 
lyte and in the process helps in the transfer of electrons. The electrolytes may be 
pure substances in fused states such as fused salts, bases, acids etc. or, more com- 
monly, the electrolytes are solutions of salts, acids, bases usually in water and 
occasionally in other suitable solvents. The conducting capacity of different 
electrolyte is different. 

5 cias Dow of electricity in both metallic and electrolytic conductors is governed 
Y hm's law. In metallic conductors there is no chemical change whereas in 
electrolytic conductors there occurs chemical change or decomposition when the 
ane is passed. There is another difference. With increase in temperature, the 
eu luctivity of electronic conductors decreases but that of the electrolytic conduc- 

ors increases, E 
The decomposition of the electrol: icity i d 

; yte due to the passage of electricity is calle: 
dou mud GU usually enters or leaves the electrolyte through some 
through SHER o eetas or graphite etc ; these are called electrodes. The one 
Gne (rough which current enters is called the anode or positive electrode and the 
Iis takes dines cal e carent leaves is the cathode or negative electrode. Electro- 
lyio Long Before OR at e electrodes and not throughout the bulk of the electro- 
of electricity ‘through th a was known about the mechanism of the transport 
tative relation betw fhe ectrolyte, Faraday found out that there is a quanti- 
een the amount of electricity flowing through an electrolyte 


and the amount of chemical ch F 
i i ange occ tions 
are universally applicable and are a own as pw a Jut a 


XIL2, Faraday's Laws of El i 
ia a follows : scree 
i) The amount of chemical chan: i i i 
À ` ^ ge which occurs at any electrode is strictl 
propono the quantity of electricity passed through ie electrolyte. Y 
Gi) the same quantity of electricity is passed through different electrolytes, 
the pes oe changes produced are all chemically equivalent. 
pe ubstance is deposited at an eli 
of electricity are passed, then from the fist law pou eee eem 


W œ Qie,W-zQ = zCt ... (XILI) 


when z is a constant called the electrochemical equivalent. Yt is the quantity of 
substance produced when 1 coulomb of electricity is passed, i.e., AM Codi 
(1 amp) passed for 1 second. C is the current in amperes and t is the time in 
second. Every substance has thus a definite electro-chemical equivalent (z). Thus, 


ZZ 


The two laws discovered by Faraday are 
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by passing 1 coulomb of electricity 0.001118 gms of silver may be deposited at 
the electrode. 

To illustrate the second law, let us take two solutions, say of NaCl and 
AgNO;, in series in á circuit so that the same quantity of electricity is passed 
through both of them. In the first cell, chlorine will be liberated at the anode 
and NaOH will be obtained at the cathode with liberation of hydrogen. In the 
second cell, nitric acid will be formed and oxygen liberated at the anode while 
silver will be deposited at the cathode. If the current is passed long enough as 
to liberate 35.5 gms chlorine at the anode of the first cell, then it will be found 
that 40.0 gms of NaOH, 1.008 gms of H;, 63 gms of HNO,, 8.00 gms of O,, and 
107.88 gms of Ag have been produced at the other electrodes. That is, chemically 
equivalent amounts of different products are obtained. 

The quantity of electricity required to liberate 1.008 gms of hydrogen or 
deposit 107.88 gms of Ag (i.e., one equivalent of a substance) has been found to be 
96493 coulombs. This quantity has been given the name faraday. 


1 faraday = 96493 coulombs e 96500 coulombs 


If E, and E, be the chemical equivalents of two substances, whose electro- 
chemical equivalents are z, and z., then : 


E, = 2,x96500 ; E, = 2,x96500 
IT ESTA 
or yox mos +. . Œ.) 


i.e., the electrochemical-equivalents are proportional to the chemical equivalents 
of the substances. j 

The accuracy of Faraday's laws is so high that an estimate of the aout 
of the chemical change in an electrolyte is used now for measuring the amount 
of electricity flowing. An electrolytic cell inserted in a circuit for this purpose is 
called a coulometer. The silver coulometer is extensively used. A Pt-basin, care- 
fully dried and weighed, is used as the cathode in which a solution of (approxi- 
mately 15%) AgNO; is taken. In the solution is suspended from above a thin 
anode of pure silver foil. The current is passed for about half an hour. Sifveras 
deposited in the basin. The current is switched off. The basin is washed several 
times with pure distilled water, dried and weighed again to obtain the weight 
(W) of Ag deposited. Since z for silver is 0.001118, the quantity of electricity 
transfered Q = W/z is known. Copper-coulometer, gas-coulometers or iodine ` 
coulometers are also used for this purpose. 


XII.3. Electrolytic Conduction : Arrhenius Theory „of Electrolytic Dissociation, 
Attempts to explain the behaviour of electrolytes in conducting electricity had 
been made by various investigators like Faraday, Berzelius, Grotthus, Clausius 
and others. -But a clear picture of the mechanism of the flow of electricity through 
electrolytes and the consequent. electrolysis was presented first by Arrhenius in 
1887. The basic postulates of his theory are believed to be Correct even toda: 
Arrhenius observed that the conductivity of solutions of electrolytes i ipsc 
with dilution and reached a limiting value at very high dilutions. This led him t 
conclude that the number of those species responsible for carrying the cu. o 
increases with dilution. From the results of his experiments, Arrhenius rrent 
his theory of electrolytic dissociation which may be stated as follows. Proposed 

(i) A portion of the electrolyte in solution is dissociated into zs 
charged and negatively charged particles. These charged particles ae positively 
positively charged particles are cations and the negatively charged tons. The 
anions. These ions are really responsible for carrying the electricit os are 
solution. Under a potential gradient, cations move towards the n y through the 
or cathode and the anions move towards the positive electro ~ Bative electrode 
extent of dissociation is different for different electrolytes and * or anode. The 
the solvent and the temperature. would also depend on 

(ii) There is an equilibrium between the i 
molecules, e.g., 


CH,COOH = CH,COO---H* ; MgCl, = Mg™ 420l- 


a--———————— nás— P —— SS 


ons and the undissociated electrolyte 
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The properties of the charged particle are entirely different from those of the 
neutral atom. We now know that the ions are formed by the removal from, or 
addition of electrons to, the neutral atoms. . 

(iii) The number of the positively charged cations and negatively charged 
anions may be different, but the total -+ve charge carried by the cations is equal 
to the net —ve charge carried by the anions. So, the electrolyte solution at any 
instant remains neutral. 

(iv) When the cations reach the cathode, they are neutralised and neutral 
molecules or groups are formed there. Similarly, when the anions reach the anode 
they give up their negative charge at the electrode and become neutral. This 
shows that electrolysis occurs only at the electrodes. 

It is now known that cations receive electrons from the cathode and the anions give up 
their electrons to the anode. That is, electrons pass from cathode to the solution and from 
solution to the anode. This means that though current flows from anode to cathode, the 
electrons are really flowing unidirectionally from cathode to anode, i.e., opposite to the flow of 
electricity. The cations and anions travelling oppositely really help the electrons to flow 
unidirectionally. 

The conductivity of a given amount of electrolyte, as already stated, increases 
with increasing dilution. At very high or infinite dilution, the conductivity reaches 
a maximum limiting value. Since ions are assumed to conduct the electricity, 
their numbers, i.e., the extent or degree of dissociation must increase with dilution. 
Hence if A» and A, denote the conductivities of a given amount of electrolyte at 
dilution v and at infinite dilution, then degree of dissociation (a) of the electrolyte 
at dilution v is given by, 

a= an 2. (XIL3) 
ào 


2 When Arrhenius was working on the conductivity of electrolytes, van't Hoff's 
Lan lings foot the abnormal behayiour of solutions of electrolyte in respect of 
ue colligative properties such as osmotic pressure, boiling point elevation, 
MEO Just published. The solutions of non-electrolyte obey the van't Hoff 
es on 7 — CRT. But when electrolyte solutions are taken, the observed osmotic 
PUE (ro) is found to be much higher than that calculated from the relation 
PES ad above (sec. XL.16). van't Hoff did not give any explanation for the 
€, anc expressed the deviation by the factor i, such that 
; Tob. D x 
- s cou OF obs = i.Teajic = iCRT 
entical deviation was found whe igati i i 
Y $ n other colligative properties were studied 
suchas sneezing Point depression, or boiling point elevation: x 
EA bedae A NNUS that when RT was constant, higher osmotic pressure 
T e in co i i i 
in solui on of the electrolytes. ncentration C, i.e., the number of particles present 
emus suggested that this was due to the dissociati f a fraction of the 
electrolyte molecules giving a hi. eeu easy T 
7 5 er total 
ions having separate nu DS otal of individual particles in solution, the 
" Tobs = [1--(n—1)ae]CRT = i CRT 
where a is the de, 


gree of dissociation, and n i be i 
each molecule. , and z is the number of ions produced from 


5 P = 14(n—l)a, or a = LH 2. (XILA) 


The degree of dissociation obtained from conductivity results (XII.3) was 
found in good agreement with the values obtained independently from colligative 
properties (XII.4). This demonstrates the correctness of the theory of electrolytic 
dissociation. 4 . 

There are other evidences which point to the dissociation theory. The preci- 
pitation reactions, such as AgNO,-+-NaCl—AgCl+-NaNO,, are explained on the 
basis of dissociation theory. Many physical properties of colligative nature, 
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such as colour, refractive index etc. support the ionisation theory. All permanga- 
nates in solution are pink, chromates yellow etc. and the intensity of colour is 
proportional to concentration indirectly prove ionisation. X-ray studies of salt 
crystals have now also confirmed the existence of ions even in their crystal lattice. 
Aqueous solutions of iodides when vigorously centrifuged had one end positive 
and the other end negative (Tolman) ; this is possible only if the iodides are disso- 
ciated into ions having different mobilities. 

The Charges Carried by Ions : Avogadro Number. We have seen that 1 gm- 
equiv. of a substance is deposited or dissolved at an electrode when 1 faraday of 
electricity is passed. Thus for the discharge of 1 gm of hydrogen or 35.5 gms of 
chlorine, one faraday is required. In the electrolysis at the electrodes, hydrogen 
ions take up electrons and chloride ions give up electrons. Hydrogen ions are 
considered to carry unit positive charge and chloride ions unit negative charge. 
Now 1 gm of hydrogen (i.e., 1 gm-atom) contains Avogadro number (N,) of 
hydrogen ions. So also 35.5 gms or 1 gm-atom of chlorine. 

If e represents the unit charge, then the total charge in a gm-atom of hydrogen 
or chloride ions would be Noe. 

Hence Noe = F (one faraday) 

or the Avogadro number Ny = Je .. . (XIL5) 

Both 7 and e are universal constants determined independently. Their accurate 
values are 7 = 96493 coulombs, and e = 1.602 x 1071? coulombs. The Avo gadro 
Number XN, is then 6.02 x 10?5, This indeed is an accurate method for the estima- 
tion of Avogadro number. 


On the other hand, when 1 gm of hydrogen is deposited at an electrode, 32.5 gms of zing, 
would also be deposited by the same quantity. of electricity. That is 32.5 gms is the gm-equivalent- 
of zinc, whose mol. wt. is known as 65. It is thus Seen that 1 gm molecule of zinc or N, number of 
zinc ions would carry two faradays of electric charge. In other words, each zinc ion will carry 
double the charge carried by a hydrogen ion. A zinc ion will carry two units of positive charge, 
In general, an ion carries the number of charges equal to its valency. 


XII.4. Strong and Weak Electrolytes. The extent or degree of dissociation of 
different electrolytes in solution is different. Substances which are largely dissocia- 
ted and render the solution in water highly conducting are called strong electrolytes. 
All salts, mineral acids like HCl, H,SO,, HNO, etc. and bases such as NaOH, 
KOH etc. dissociate. practically completely in solution in water and are strong 
electrolytes. Such acids or bases are hence named strong acids and strong bases. 

On the other hand, there are many substances which dissociate only to a 
small extent in aqueous solution. The solutions of such substances have low 

. conducting power. Such substances are weak electrolytes. The carboxylic acids, 
phenols, some inorganic acids like HCN, HBO,, H,SiO,, etc. and bases like ammo. 
nia, amines, etc. are examples of weak electrolytes. There are a few salts, such as 
mercuric chloride which have also a small degree of dissociation. 

This division into strong and weak electrolytes Is a qualitative one. There are 
some electrolytes, such as trichloroacetic acid solution, which exhibit an inter- 
mediate behaviour. In deciding the nature of an electrolyte—strong or weak—the 
aqueous solutions are considered. It must be remembered that the nature of the 
solvent plays an important part in the degree of dissociation of the dissolved 
substance. Generally, the higher the dielectric constant of the solvent, the greater 
is the chance of dissociation. Besides the dielectric constant of the solvent the 
are also other factors, such as hydrogen-bonding with Solvent molecules, wt ich 
also influence the degree of dissociation considerably. ` SMS 


MIGRATION OF IONS 


XIÉ.5. Transference Numbers. Under a potential gradie 
by the migration of ions, the positive ions moving towa 
tive ions towards the anode. The total charge released 
anode are of course equal but the fraction of the total 


nt current is transported 
tds the cathode, the nega- 
at the cathode and at the 
current conveyed by the 


Reo 5g TIS EEUU 
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cations and the anions through the solution are not necessarily equal. For example, 
in a dilute solution of nitric acid, only 16% of the current is conveyed by NO,” 
ions, the rest by the H+ ions. In a dilute copper sulphate solution, Cu** ions 
transport 38% of the current and SO,-- ions transport 62%. The transport of 
current by ions in a solution depends upon not only the charge and number of the 
ions but also on the speed of the ions. It is obvious that having same charge 
the ions with greater speed will pass a section of the solution in greater numbers 
than those with a lower speed. Hence the former would transport a larger amount 
of current. A relation between the speed 
of an ion and the fraction of current 
conveyed by it may be obtained in the 
following way. 

Let us take an electrolyte between 
two electrodes A and B as in Fig. XIL.1. 
Let the number of cations per cc. of the 
solution be n, each carrying a charge z,. 
Suppose the current passing through the 
solution be J under a potential difference 
of E volts. Further suppose that u and v 
are the velocities of the cation and anion 
respectively under this voltage. Consider 
now only unit cross-section of the two 


Fic. XII.1 
electrodes, when the current passes just for a second. It is evident that all the anions 


which are within a distance v from the anode would reach A and during this time 


athe cations within a distance u from the cathode would reach B. Remembering 
TOSS-Section, the number of cations and anions to be discharged on B and 


on A are n,u and n. v respectivel i ici i ith 
unit charge be eR [53 idt the quantity of electricity associated wi 


the current carried by cations, I, = (n,u)z..e 


a 
nd the current carried by anions, I. = (n_v) ze 
The total current carried by the cations and anions together, E 
I= L + = 


= N42,e.u + nN_z_e.v 

the soluti A = N4Z4e.u + n424€.v, e ACIES) 

€ solution being electrically neutral, we have NyZ, = NZ. 

_ it may be remembere. 

directions, these help th 
The fraction of th 

and t_, are called tran, 


d that though physically ‘the ions migrate in opposite 
s passage of current in the same direction. 

Current carried by cations and anions, represented by t+ 
Sport or transference numbers. These would be, 


@ hot mew 
I Ny Z4 eu + ny Z4 ev 
or transference number of cati = 
WO ave fs 2s. (XIE7) 
and (b) NR LETTO 
T "ny zy eu } n, Zev 
transference number of ani ee 
or oi anion, ft. = mE .. . (XIL8) 
ITE t+ u 
Further, t +t- = b; and mus . . . CX TI) 


XIL.6. Hittorf’s Rule. Because of the different velocities of anions and cations, the 
concentration changes in the vicinity of the anodes and cathodes are also different. 


E 
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It must however be remembered that the solution as a whole is always neutral and 
that amounts of cations and anions liberated at the respective electrodes are in 
equivalent quantities. : 

The changes in concentration of the electrolyte near the cathode and the anode 
can be easily visualised in the following way. Consider an electrolyte between two 
electrodes as in Fig. XIL2, in which positive and negative ions are represented 
by + and — signs. 


“+ Anode Cathode — 
I ++++++9 6B B RBAR PD 
$4666 6 6b 69€ i 4e derer 
1 [jesa] aS 


*-$ tbt B BGB GAMMA $-4[EXYGY GE 


FEES iota i 


++ AITSA ENL He xxx 
Tis [csse] 


Fic. XII.2 Migration of ions 


ssage of current, the condition of the ions are as shown in I 
M Mut ail distribution of +ve and — ve ions is present everywhere. 
Let us imagine the cell divided into three chambers by two partitions shown by 
ted lines, so that we have a cathode chamber, a central chamber and an anode 
eamm ber Let us also take equal number of cations and anions in each of cathode 
I chamon de chambers, each having say, six +ve and six —»e ions. 
an M ow suppose on application of a field, only the cations move but the anions 
ain stationary. Suppose the current flows for such time. that every cation 
rem only three steps forward. Three cations cross each partition, so that there 
ores excess cations in cathode. chamber and three excess anions in the anode 
are ber. This is represented in II. Since each compartment should be electrically 
cham 1. so three cations are discharged on the cathode and three anions on the 
neu dE "It is thus seen that though the anions did not move, yet these were discharg- 
EA AGUAS equivalent to that of the cations. Moreover, the motion of the 
e ee caused a fall in the concentration of electrolyte in the anode chamber. The 
Farm did not move and hence the concentration in the cathode chamber remained 
initierea next case III, let us consider that both anions and cations are m 
at equal rate, say each ion moves four steps in its respective direction in a 
time. At the end of this time interval, there shall be eight excess anions in the anode 
chamber and eight excess cations in the cathode chamber, all of which would be 
discharged as the solution in both chambers had to be electrically neutral. We 
now find that when the speeds of both ions are the same, the fall in concentration 
in both the anode and the cathode chambers is also equal. The amount of ions 
discharged at each electrode is proportional to the sum of the Speeds of the two 
ions. 3 d 
Now let us suppose cations and anions are moving with un 
Suppose each cation moves four steps and each anion three Steps n ek E es 
tive directions in a given interval of time. The condition is represented in TV 
The excess anions would be seven in the anode chamber and t € excess cations 
also seven in the cathode chamber. These ions would be discharged at the soiree : 
ponding electrodes. The amounts discharged at each elect: rf 


A rode are not 
but also proportional to the sum of the speeds of the two opposite pey goual 


oving 
given 


| ———————————— 
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the fall in concentration in the anode chamber is proportional to the speed of 
cations. The fall in concentration in the cathode chamber is proportional to the 
speed of anions. It is also seen that the concentration in the central chamber 
remains unaffected. 

We are thus led to the conclusion that due to passage of a current, 


Loss in cation concentration at anode due to miration u ty. 
Loss in anion concentration at cathode due to migration v 19 


When expressed in equivalents, the total current passed is proportional to 
Y, +t. = 1. That is, we may also say, 


Loss in cation equivalents at anode due to migration 


equivalent of ions deposited at each electrode * - . » RUI) 
Loss in anion equivalents at cathode due to migration 
eus equivalent of ions deposited at each electrode =t  ... (XILIO) 


This is known as Hittorf’s rule. 

It is often used in determining the transference number of ions. Fig. XIL.3 
shows one of the simplest type of transference number tube used in Hittorf’s 
Y method. It consists of tubes 4 and B as 
X Uli R the cathode and anode chambers with the 
D intervening C as the middle portion. 
e Every section is provided with a stop cock 
at the bottom for withdrawing the solution. 
8 Electrodes are inserted through corks at 
* the top. In the circuit in series are connec- 
ted a milliammeter (M), a silver coulometer 
(X), and a resistance (R). The transport 
number tube (ACB) is filled with the 
electrolyte under examination. A current 
of 20 milliamperes or so is then passed for 
three hours so that concentration changes 
are appreciable. In the silver coulometer is 
taken à solution of (approximately) N/10 
c AgNO. From the silver deposited on the 
Pt-basin of the coulometer, the equivalent 
of current passed or the equivalents of 
lons deposited in the other electrodes in 
the circuit are accurately known (Fara- 

day's laws). 
Since it is required to measure the 
Concentration change due to migration of 
prevent diffusion, convection or mechanical 
current is stopped, the solution is drained 
am and then pyi, The loss or gain 
1 € chambers is known and is expressed in 
E S eaaet for a definite weight of the solvent. From these the trans- 
Copper supe ce be easily computed. Let us illustrate this with a solution of 


Fic. XII.3 Transference number detn. 
by Hittorf’s method 


ions, adequate precautions are taken to 
disturbance of the solution. When the 
out from one or both the chambers, we 
In concentration of the electrolyte in t 


Suppose initially the Hittorf tube is fill i i 
eléctrolysed. ERE Bur. Ree] filled with a 0.1 molal solution of copper sulphate and 
After electrolysis, let the amount of solution take: 
; YSIS; 2 n out from the cathode ch: 
which, oe analysis (iodometrically), was found to contain Wa gms of copper. ee 
Further suppose, the increase in weight of the cathode in the ci : 
oul fi i 
P mes ometer due to deposit of 
(the equivalent weight of Ag = 107.88, mol. wt. of co 


eau d pper sulphate = 159, 
It is evident that the total quantity of electricity p 9 


assed is given by w, gms of silver i.e., 
Ws 


107.88 equivalents = Z faradays (say). 


» 


» 


"having common catio: 
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à In the cathode chamber then Z equivalents of copper must have been deposited. But the loss 
in the concentration in this chamber would be less than Z, for other Cu** ions have meantime 


migrated into this chamber. 
CuSO, 159.6 


Now wa gms of copper = W:X zm 
DE pE ae Guin 2635 


WX 2.512 gms of copper sulphate 
y gms (say) . 
That is, the cathode solution analysed contained (w,—y) gms of water. 

In the initial state (w; —) gms water was associated with 


0.1.x 159.6 
(v,—») X X000 gms of copper sulphate — x gms (say). 


i Wl 


the actual loss in the amount of copper sulphate in the cathode solution 


That is, 
_ @&-y)x2 ui 
= (x—y) gms of CuSO. = 159.6 equivalents 
We can now see that Cu** migrating into the cathode solution — Z— SE equivalents 


an ion in equivalents. The transference number of the Cu** ion 
Z—2(x—»)159.6 
Z 


where Z is the total deposit of 


in the solution is then t} 
2(x—y)/159.6 
and that of the SO, ion poet T ame $ 


XIL7. Moving Boundary Method. In this method, the transference number is 
determined by directly following the speeds of ions under an applied potential 
A device is made in which the boundary between two ionic solutions is clearly 
distinguishable. By passing à suitable current the boundary is made to move in a 
desired direction. The measurement of transfer of the boundary enables one to 
calculate the transference number. A diagrammatic sketch of the apparatus used 


is given in Fig. IL4. 
The vertical tube PO is the electrolytic cell. This has a narrow but uniform bore, which is 


carefully measured. Suppose the transference 
Cathode ll yt 


numbers of the ions of MA (say HCI) are to be ` 
determined. The solution of MA is placed in the 
tube between two indicator solutions M’A and 


MA’, one having common anion and another 
n with the given electrolyte, P 


as shown. The three solu- 
reasing density downwards 
ded. The indicators (M/A 
and MA’) are so chosen that the speed of M’ is 
less than that of M, and the speed of A’ is less 
than that of A. Here, Cd** has a lower speed 
than that of H*, and the speed of Ac- is less than 
that of Cl-. The lower part of the tube is filled 
with CdCl, solution with a Cd-anode in it. A pt- 
cathode is inserted at the top in the HAc solution 
The circuit also contains a coulometer (C), milli- 
ameter (M) and a resistance (R). The junction of 
the HCI and CdCl, solution is quite sharp and 
distinguishable. The current is next switched on. 
The H+ ions move upwards, much faster than the 
Cd** ions following. The result is that the boun- 
dary slowly moves upwards from xx’ to yy’ dur- 
ing the period of electrolysis. The displacement (I K 

by a cathetometer. (D) of the boundary is accurately measured, say 

If the cross section of the tube be “a’, then the v 
dary in moving from xx' to yy’ is xa) c.c. If c teme eae E the HCI 
4 O: e 


say CdCl, and HAc, 
tions are taken in inc! 
so that mixing is avoi 


Fic. XIL4 Transference number by 
moving boundary method 
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solution, the amount of acid moved upwards during the experiment is /a.c/1000 
gm equivalents. 

If, further, Q faradays of electricity have been passed during electrolysis, 
known from the coulometer, then the fraction of the current transported by H* 
ions is t,Q faraday. Hence, f, O gm-equivalent H+ ions have migrated. 


lac 


i t40 = 1000 
la 
or m». TOXO .. (XIL1D 


Quite a number of precautions are to be taken in carrying out the experiment 
for which a standard text on electrochemistry may be consulted. 

There is also a method for determination of transference number from elec- 
tromotive force measurement of some suitable cells; which will be discussed in 
Chapter XIII. In the tables below are given the transference numbers of ions for 
some electrolytes in aqueous solutions. 


TABLE : TRANSFERENCE NUMBERS OF CATIONS AT 25°C IN 0.1N SOLUTION 


Electrolyte A Electrolyte t 
HCl 0.834 NaOH 0.183 
LiCl 0.317 KOH 0.265 
NaCl 0.385 CuSO, 0.373 
KCI 0.490 CdSO, 0.364 
KNO, 0.510 KI 0.492 
AgNO, 0.468 KBr 0.492 


An interesting point revealed f; ion- 
aE SPURS rom the results tabulated above may be mention: 


Mane oat o GUT ium. Their volumes are in the order lithium, 
in the ane order lith 
owever indic; i i 
slower than mem ion. This is de td ota D o d iBe Iac 
electric field around it 
hydrated. The field surrounding po 
less. The result is hydrated lithiu 
This leads to their speeds being i 


Prob, Asi i ; 1 q y 
A ees Maver nitrate solution containing 0.00739 gm of AgNO, per gm of water is 
ths cao IETA it onan During the experiment 0.078 gms of Ag was deposited on 
A eriment a; i i 
sivo ASNOS Whatis the AE node solution contained 23.14 gms of H,O and 0.236 


Lt umber of Ag+ 
After electrolysis, the anode solution hag TER 


(a) 23.14 gms water 
The amount of AgNO, associated with this water i 
The amount of AgNO, formed due to dissolution of 


0.078 x 170.88 
7) doves . 7 0-122 am 


(6) 0.236 gms AgNO, 
initially was = 23.14 x 0.00739 = 0.171 gms. 
Ag from the anode during electrolysis 


Hence, the amount of AgNO, which migrated away from the anode chamber 


= 0.171--0.122—0.236 = 0.057 gms. 
= 0.078 equivalents of Ag 
= 0.122 equivalents of AgNO, 


Lb s 
= oia; = 946 


The total current passed 


Hence tage 


Problem 2. In an experiment for the determination of tran: 
by moving boundary method, the indicator electrolyte follow 
swept a volume of 0.1200 c.c. in 1670 sec when a current o! 
transport number of Cl- ions? 


insport numbers of ions in 1.00N KCl 
ing was 0.75 N BaCl,. The boundary 
f 0.014 amp was passed. What is the 
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The quantity of electricity passed, (y= UETEESINO. faradays 
96500 
The amount of KCI moved towards cathode = SXT equivalents. 
Hence transport of electricity by K*, 
ixi 0.1200x96500. — 
+= oxox ~ 9495 
<. Transport number of Cl- ions, t = 1-1, = 0.505. 


CONDUCTANCE OF SOLUTIONS 


Conductance. As for metallic conductors, the resistance is 
Ip of Ohm’s Law, which states 
R.— Ell 
voltage and J is the current passing through the conductor. 
The resistance is a measure of the opposition to the flow of electricity through the 
given conductor. Ohm's law 1s also equally valid for electrolytic solutions. The 
resistance of electrolyte solutions being large it would be more convenient to give 
our attention to the conductance of solutions than to their resistance. Literally as 
also mathematically, the conductance 1s the inverse of resistance. The conductance 
is a measure of the ease or readiness with which the current is conveyed through 
the solution. The conductance (4) is the reciprocal of the resistance (R). 
1 
A>-R 2 oe QI 
The resistance is expressed in units of ohm, the conductance has units of 


reciprocal ohm (or mho). f 
It is known that the resistance of a conductor depends upon its length (7) 


and cross-section (a), such that 
y. l 
RU . o. (XIE13) 
where p is the specific resistance. It is the resistance of unit length of a conduct 
of unit cross-section. The specific conductance (L) is the reciprocal of Pe 
resistance. 


XIL8. Electrolytic 
measured with the he! 


where E is the applied 


ES 
P 
nce of a given electrolyte solution between two elect 

cms and / cms apart would be, rodes of 


L .. (XILI4) 


The conducta 
cross-section A Sq. 


1 
vem 
Sapa y e 
gs d PI er I Po (XILIS) 
I 11 
i Mir, TR + + Q19 


Ifa = 1, l = 1, the specific conductance L = A. That i J 
ductance is the conductance of the solution enclosed ee the specific con- 
1 aem area and 1 cm apat: 1 wo electrodes of 
n dealing with electrolytic solutions, a quantit . 

the equivalent conductance (A) of the solun: It is at p Importance is 
of a solution containing 1 gm-equivalent of the dissolved electrol S conductance 
entire solution is placed between two electrodes 1 cm apart, As die e that the 

2 etermina- 


tion of this quantity with equation (XII.16) would nee 
sizes, the equivalent conductance is always evaluated pecu of enormous 
specific conductance. gh measurement of 
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If the solution of electrolyte has a concentration of C equivalents per litre, 
the volume of the solution containing 1 gm-eqv. would be 1000/C c.c. If this 
volume be imagined to be placed between two electrodes 1 cm apart, the cross- 
section of the column of solution or electrodes would be 1000/C sq. cms. The 
equivalent conductance of the solution would be (eqn. XII.15), 


a, _ 1000 10007, XIL17) 
A=7L=GyqXxt= C EP 


L being the specific conductance. 


This relation is universally employed to obtain the equivalent conductance (A) 
.through the determination of specific conductance (L). 


XIL9. Determination of Conductance. For the determination of specific conduc- 
tance, a wheatstone-bridge setup is used, as in Fig. XIL5. In one arm of the br 
the solution is taken in a specially constructed bottle or conductivity cell. A few o 
the various types of conductivity cells used are shown in Fig. XII.6. 


o 


Fis. XIL.5 Diagram for conductivity determination circuit 


connected to the electric circuit through mercury contacts. Inside, the electrodes 
ch other and are coated with Pt-black. The distance 


Fic. XII.6 Different types of conductivity cells 
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between the electrodes for any cell is thus fixed. For solutions of poor conductance, 
the electrodes are mounted very near to each other ; for solutions with high 
conductance the electrodes may be widely spaced. 

In the experimentàl arrangement, the solution is taken in the conductivity 
cell P and connected to one arm of the bridge, the other arm DQ carries a variable 
resistance Ry. PQ is a uniform slide-wire on which moves a contact point ‘C’. 
This contact point C is connected through an earphone to the point D junction 
of the other two arms PD and OD containing the cell and the variable resistance Ry. 
An alternating current (say 1000 cycles) is used in the circuit. The current should 
be an alternating one as otherwise electrolysis would occur in the cell and concen- 
tration would change. The temperature 1s controlled by keeping the cell partially 
immersed in a thermostat. The current from the source enters at P and Q and 
divides into two parallel branches along PCO and PDQ. 

Using a definite resistance Rs in the arm DQ, the contact point C is moved 
along the slide-wire until no sound is produced in the earphone, i.e., until no 
current passes along DC. Under this condition, potentials at C and at D are the 


same, hence 


^ae Ud KR 
R, Re o X Rs 
where X is the resistance of the solution. Ry and R, are the resistances of the two 
rtions of the slide-wire, the ratio arms. In fact, the R;/R, is the ratio of the 
lengths CP/CQ, when a wire of uniform cross-section is used. The resistance of 
the solution (X) taken in the cell is thus known. 

Theoretically when balance point is reached by moving the contact point C. 
there should be no sound in the earphone. But due to capacitance arising from the 
cell, some little sound still occurs at the balance point. The point where the sound 
is minimum is taken as the balance point. By inserting a variable condenser parallel 
to the standard resistance Rs, the capacitance effect of the conductivity cell can be 
annulled to a large extent and a much improved balancing is possible. 

But to know the specific resistance, it would be necessary to determine the 
cross-section and the distance of the electrodes of the cell used. These determi- 
nations are not quite easy. In fact the ratio (l/a) of the cell, called cell constant 
is ascertained in another way. : 

Using conductivity cells of accurately known dimensions (/ and a) Kohlrausch 
and his co-workers determined very precisely the specific conductance of standard 
solutions of pure KCl at different temperatures. Some of the values of specific 
conductances of KCl solutions are quoted below from standard tables. 


TABLE : SPECIFIC CONDUCTANCES OF KCI SOLUTIONS 


Cone. L in mhos 


in eqy.|litre 


18°C 25°C 


0.0012227 0.00 
0.011192 l rcs 
0.0982 0.11173 


In order to ascertain the cell-constant (l/a) of th B 
the laboratory, the resistance of KCI sol. of 0.1 or 0.01 m ner cell used in 
in this cell with the wheatstone bridge circuit as described. rength is measured 
resistance of the KCI solution is found to be ‘r’. From equation SL the 

= 3 


the cell constant K= + =Lsr 


where Ls is the specific conductance of KCI sol. kn 
cell-constant for the particular cell is thus known. Own from the Table. The 
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For a given solution, the resistance (R) is measured in the usual way with the 
wheatstone-bridge. The specific conductance (L) of the solution (from equation 
XIL16), is then 

IE 
L= Ro K/R 
Since lja and R are both known, the specific conductance of the given solution is 
also known. 
. The equivalent conductance of the given solution is then obtained with equa- 
tion (XII.17), 


Ne 1000xZ 
S| Cc 


It may be mentioned that in preparing the solutions, ‘conductivity water’ i.e., 
highly purified water obtained from repeated distillation in an all quartz apparatus 
has to be used. 


Problem 3. At 18°C, the resistance of 0.1N KCI in a conductivity cell is 86.8 ohms and that 
of 0.05 N NaCl is 203 ohms. What is the equivalent conductivity of 0.05N NaCl? 
We know from the table that the specific conductance of 0.1N KCl at 18°C is 0.011192 mhos. 


The cell constant, K = Ui = Lyc, X resistance = 0.011192 x 86.8 
a 


‘The specific conductance of the NaCl solution is 


1 0.011192 x 86.8 


l 
ENAS ohm- cm-* 
Lwaci aR 203 


The equivalent conductance of 0.05N NaCl is then, 

1000 1000 = 0.011192 x 86.8 
0.05 203 
The equivalent conductances of a few electrolytes are given in the table below. 


= 95.71 ohm-! cm? 


TABLE : EQUIVALENT CONDUCTANCES (25°C) 


Conc. (N) HCl ^ NaOH KCl NaCl AgNO, CH,COOH NaAc 


Rs = 49.1 
109.14 5.20 72.80 
124.76 16.20 83.76 
130.51 48.63 88.5 
131.36 1350 89.2 


oc-dilution 426.16 126.45 1333 391* 


"Calculated from ion conductances 


XIL.10. Equivalent Conductance and Concentration. Even a cursory glance of the 


table just given will show that the equivalent conductanc i i 
A : a e 
with concentration. With increasing auton sea CE M Ed 


increases. It is necessary to consider the effects of dilution on equival 

tance apara dly igr stong and for weak electrolytes. hab e pondus 
strong electrolytes. Solutions of salts like KCI, CaCl,, Na,SO,, N: tc. 

or acids such as HCl, H,SO, etc. have very high equivalent Gonipe de at 


is infinitely dilute is called the equivalent conductance at in nite diluti d 
by Ag. It is indeed the value of equivalent conductance Aake at vey high pees 
such that any further dilution would not change it. : 


It was Kohlrausch who suggested an empirical relation from imental 
results between the concentration, c and the equivalent conductance AR apee 
pi M NEA . . . QUIS) 
where b and A, are constants for a given electrolytic solution. At very low 
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concentration, i.e., at infinite dilution evidently Ac = Ap. The plot of Ac vs 4/c 
is almost linear for many electrolytes as shown in Fig. XII.7. Extrapolation of 
the linear portion at high dilutions to Lt. c—>0 gives the value of ào, the equivalent 
conductance at infinite dilution. 


450 


400 


350 


0-0 005 [41] 0-15 020 
vc 


Fic, XIL.7 Eqv. conductance of strong electrolytes vs 4/c in aqueous medium 


In fact, the classification of electrolytes into strong and weak ones may be 
based on their behaviour in respect of the variation of equivalent conductance with 
dilution. The change in equivalent conductance of strong electrolytes with dilution 
is relatively small and the limiting value is easily reached experimentally. We shall 
presently see that weak electrolytes vai differently and that with dilution their 

i ductances vary enorm: . 
SI preci the accepted idea is that strong electrolytes (HCI, NaOH, NaAc, 
KCl) are completely ionised in solution even at ordinary concentrations. It has 
now been confirmed from X-ray studies of salt crystals that even in the solid state, 
the positive and negative 10n$ exist in the lattice. The salts have ionic lattices 
and are strong electrolytes. Obyiously when dissolved, all these ions are released 
from the lattice bonds and these are responsible for conducting the electricity, 
We are thus led to conclude that in all reasonable Concentrations, the substances 
having ionic lattices, i.e., strong electrolytes are completely ionised. 

The question to be answered is why then should the equivalent conductance 
in such solutions of strong electrolytes vary with dilution, The conductance of a 
solution of a given electrolyte depends upon the number of ions and the speed 
with which the ions move. In the case of a solution of a strong electrolyte, the 
ionisation is complete, the number of ions will be the same, for 1 ue us 
will produce the same number of ions at all dilutions. Therefore, it is the speed 
of ions which changes with dilution. In a strong electrolyte, the density of ions 
is very high ; every ton 1s surrounded by ions of opposite charge. The result is a 
interionic attraction between lons of opposite character. The ions ma an 

i i airs of the type (4*B-). Such interioni may even give 
rise to some 1on p 0 i erionic attraction eff tival 
reduces the speed of the ions and hence the equivalent conductance of the = ively 
When concentration 1s lowered by increasing the dilution, the ions E ution. 
and the interionic forces are reduced. The ions would then move go far apart 
At infinite dilution, the interionic attraction practically disappears ae: 
value of the equivalent conductance is obtained. In and the limiting 


equ ENE. a later i 
how a quantitative measure of the interionic attraction couid tee we shall show 


be made. It is clear 


[RP Re MISSA LL 
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that in the case of strong electrolytes, the Arrhenius concept of ionisation needs 
modification in as much as the degree of ionisation is no longer given by a = Ac/Ag 
for all the molecules are already ionised. 

Weak Electrolytes. The equivalent conductance of weak electrolytes such as 
solutions of ammonia, organic fatty acids etc, is low at ordinary concentrations, 
i say 0.1 N. With dilution A, increases 
considerably as is shown by the plot of 

140 Ae vs 4/c (eqn. XIL18) for acetic acid 
(gi) in Fig. XII.8. Itis seen that even when 
the concentration is made very 
100 small, the equivalent conductance 
e rises steeply with dilution. As such it 
is not possible to reach a limiting 
value by extrapolation as in the case 
40 of strong electrolytes (cf. Fig. XII.7). 
Wc Further dilution of the solution raises 
the resistance of the solution which is 
of the same order as that of water. So 
vc the experimental realisation of the 
Fic. XIL8 limiting value of equivalent ¢onduc- 
tance at infinite dilution is not 

possible. 

In these electrolytes, the extent of ionisation is small and the numbers of ions 
are relatively few. So the interionic attraction between the ions is not of any 
Importance. Whatever ions are produced by ionisation they are free to move, 
i.e., their speeds are not effected by interionic attraction. In solutions of ordinary 
concentration, the degree of ionisation is quite small. The increase in equivalent 
conductance with dilution is due to increase in the degree of ionisation. Therefore, 
the degree of dissociation (a) for weak electrolytes may be taken as the conduc- 
tance ratio, a = Ac/A, as proposed in the Arrhenius theory. 


aa: Kotirangchja Law of Independent Migration of Ions. While investigating 
nalts A conductances at infinite dilution (A,). Kohlrausch found that when 
their À ned and sodium with a common anion are taken, the difference in 
E SRCUBN CS ES found to be same irrespective of the nature of the anion. That 
SCM Ca ee ir A¥K2S0« _Naa“O« etc, Similar results were 


allso obtained with other pairs of ing ei i 
salts havi mmon anion or a common 
cation. A few of the results are shown below cac 


160 


TABLE : Ao-VALUES FOR PAIRS OF ELECTROLYTES (25°C) 


Difference Difference 
l 

Ble ie we, oodo | Electrolyte ào Aoo— Aon) 
(2) NaCl 128.8 Piu fee 

: 214 Q) LiNO, 110.1 49 
(1) KNO; 145.0 (1) KCI 149.9 
Q) NaNO, 123.9 214 Q) KNO, 145.0 49 — 
(1) KNO; 145.0 (1 HCI 426.16 
Q) LiNO, 110.1 349 Q) HNO, 421.3 49 
(1) KCO, 140.0 (1) NaCl 128.8 
(2) LiClO, 105.08 34.92 (2) NaNO, 123.9 49 
(1) KCI 149.9 ; 
(2) LiCl 115.0 34.9 


€——À——————————Ó——————— J"da——À 
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_ Such a constancy in the difference of A;-values of two salts having a common 
ion is possible only if each ion makes a definite contribution towards the conduc- 
tivity of the solution irrespective of the value of the other ion. Thus, 
) = lonas + oci- and Agkci = lok+ + loci-, So that always 
Agkci — Aonact = lok+ — loNa e; 

whatever salts of sodium and potassium be taken, provided the salts are taken at 
infinite dilution with common anion. À 

Kohlrausch therefore proposed that at infinite dilution, each ion makes a 
definite contribution towards the equivalent conductance of the electrolyte. This 
contribution is independent of the other ion with which it is present in the solution 
The value of the equivalent conductance at infinite dilution (A,) of an electrolyte is 


the sum of contributions of the two ions, such that 
m and .. . (XILIS) 
are the contributions of the cation and anion respectively, called 
» That is, at infinite dilution, the equivalent conductance is the 
sum of ion conductances, which are characteristic of each ionic species. This is 
commonly known as the /aw of independent migration of ions. 

The individual ionic conductances are usually determined from their transport 
number at infinite dilutions. At infinite dilution, an electrolyte is completely 
dissociated and there is no interionic attraction. In conveying a current, the conduc- 
tion due to cations would depend upon their charge and their speed. In other 
words, ion conductance le will depend upon charge (742,6) carried to the cathode 


a 
nd puc speed u. Te EU d 
Similarly for the anions contribution, la = kyn_z_ev 
-. From equation (XII.19), 
ao = +l = kınz4e u + kın-z-ev = ku + kvu 


À o(NaCl) 


where I? and [a 
ion conductances. 


M RAE . . » (XIL20) 
where k = kyn4z4e = kyn_-z-e, the net charges released being equal. 
T ee Ur natu 
" AC Kur) 7 wv 22. QXIL21) 
Hence from equation (X1I.7) 
Ie A 
M 
loq + + (XIL22) 
Similarly, D" = le 
ie., je = tẹ. ào; and la = 12. Ay sess; 


The zero-subscripts are used to indicate the state of infinite dilution in the appli 


cation of these relations. ; 
The transport numbers measured at low concentrations of an electr olvtciass 


extrapolated to zero concentration to obtain /?, and {°_. The knowl 

transport numbers (fo) together with 2 determination of Ay would Eu Me 

obtain the values of ion conductances (l°). Some of ion conductance rera ed to 
re in- 


-corporated in the Table below. 


TABLE : ION CONDUCTANCES AT INFINITE DILUTION (25°C) 
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In the case of weak electrolytes, Ao, the conductance at infinite dilution cannot 
be directly obtained. In fact, the law of independent migration of ions is used 
for finding out A, for weak electrolytes. To illustrate : A, for acetic acid is evalua- 
ted by determining the equivalent conductances of three strong electrolytes sepa- 
rately, namely, HCl, NaCl and NaAc. It is easily seen 


ci + Ande — Araci = (ge + Po-) + (Ina + ac-) — (ni + l'a-) 
= Dg, ar Dac S Mac 


Since the quantities on the left-hand side are experimentally determined, A'gac 
is known. This method is employed for other weak electrolytes also. 


XIL.12. Ionic Mobilities. The velocity of an ion in a solution depends upon the 
potential gradient applied. The velocity with which an ion would move under 
a potential gradient of 1 volt per centimeter in a solution is called its ionic mobility. 
The limiting value of the ionic mobility is obtained when the solution is at infinite 
dilution, so that no interionic attraction etc. would arise. The ionic mobilities 
are related to ion conductances. aur hu et 

From Kohlrausch's law we have seen, at infinite dilution ion conductances 
are proportional to their velocities, (eqn. XII.20). J 


[2 sku and /2 = kv } 


vat CMLL 20, 
and hence equivalent conductance, ào = k(u+v) ‘ ) 


Now suppose we have a very dilute solution of an electrolyte of concentration, C, 
such that there is complete dissociation. Take a cm-cube of this solution between 
two electrodes (1 cm apart, cross-section 1 sq. cm). Let the applied potential 
difference between the two clectrodes be 1 volt, i.e., unit pot-gradient. The eqv. 
conductance of this solution is 


000 
ap Sak m 
i Hp = G 4- I2) ... (XIL24) 


The current passing through the solution, 
I = E/R = ExÀ = 1xL; (since here A = Ls) 
or Ls = I (numerically). 


and J is the number of coulomb passing per unit time [voltage = 1 volt and 
= 1 second], i.e., the charge carried. XP | 3 j 


Sy Ana (6i 
I=L, = yl +18] = Gogg ttt . . . (X125) 
Again, during this one second, all +ve ions within a distance of u cms from 
the cathode and all —ve ions within a distance v cms from the anode have reached 
the respective electrodes. 
The total gm-equivalents of ions transported by the current to the two elec- 
trodes per sec would be 


c 


[oi C 
= ux]. igo ^" Xl: 1000 = m: +t» 


[ remembering Ta gm-equivalent of ions are present in 1 c.c.] 
Since 1 gm-equivalent carries 1 faraday of electricity, the total charge carried 


Cc 
per sec to the electrodes, = 109 “I . . . (XIL26) 
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Equating (XII.25 and 26), we have 7 = k. 
Hence, from (Eqn. XII.20) /? = ku = Ju 
and /? = kv = ju. 


That is, u= 4 
E «.» (XIL27) 
Ja 


The ionic mobilities are thus obtained by dividing the ion conductances by Fis 
The ionic mobility values of some common ions are tabulated here. 


TABLE : IONIC MOBILITIES (25°C) 


cation anion 
Hs OH- 
Kt SO,—- 
Na* cl- 


NH;* Br- 


Ag* ie 
Catt NO,- 
Mg** Ac- 


Problem 4. Given the equivalent conductances of sodium butyrate, sodium chloride and 
hydrochloric acid as 83, 127 and 426 ohm" cm? at 25°C respectively. Calculate the equivalent 
tance of butyric acid at infinite dilution. 


conduc! 
^ga dr NonaBu aa Nonact 
= hg. Flog + uu. + logs — huy — leg 
= logy + lopu- = Angu 


426 4- 83 — 127 = Àogpu i.e., Aoggu — 382 ohm-! cm? 


Problem 5. Calculate the ionic mobility of the cation in a 0.1 molar solution of NaCl at 25°C, 
Given its transference number as 0.39 and the equivalent conductance at infinite dilution as 127. 

We know, fX = de = uf 

teño, _ 0.390 127 a 2 
EC 5n - Steet 
or u F 96500 5.1 X10-* cm? volt-! sec 
Problem 6. At 18°C, the mobilities of NH,* and CIO,- ions are 6.6 x 10-4 and 5.7 x 10-* cm? 
~ volt? sect. Calculate equivalent conductance of ammonium chlorate and transport number 

of the two ions: 

We know Ao = Futv) 


" = 96500 [6.6 x 1071--5.7 x 10-4] = 118.7 ohm- cm3 
The transport number would be 
. Dco AN ain G6 107 
a T AD C MS Ga T Fax ye 


tg = 1—0.536 = 0.464 


XII.12a. Temperature and Ionic Conductances. In dqusous. s 
conductance generally increases with temperature. An empiric 


as [P = 19c [1+0.02(t—25)] .. . (XIL28) 


where £ is expressed in °C. It means for every degree rise j E 

conductance approximately increases by 2%. This is ERU the ionic 
viscosity of the medium due to temperature-rise. For H+ and OH-i o the fall in 
of I? is somewhat less. lons, the change 


olutions, the ionic 
al relation is given 
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XII.13. Hydration of Ions. Ion conductances can be obtained from measurement 
of transport numbers and equivalent conductivity at infinite dilution, for 


Ie = teà and la = tary 


When the ion conductances of the cations of different alkali chlorides at a given 
concentration were measured it was found that the ion conductance of the cations 
systematically increased with atomic weight from lithium to caesium. 


Ion Li* Na* Kr Rb* Cst 
T 38.6 50.1 73.5 71.8 71.8 


Now the ion conductance depends upon the charge and the speed of the ions. 
In these cases, the anion is the same, every cation carries unit charge, hence the 
low ion conductance of Lit or Na* ion is obviously due to their lesser speed. 
This is however contrary to expectation, for, normally the lighter and smaller 
Li* ion is expected to move faster than the heavier ions (say) K* or Rb* ions under 
a given potential gradient. That the lithium ion is smaller is known from its atomic 
structure as also established from X-ray diffraction measurements of its crystalline 
compounds. It is therefore reasonably assumed that the low speed of ions is due 
to the fact that the ions are not bare but hydrated. Further, the degree of hydration 
decreases with increase in atomic weight. The lithium ion being small the electric 
field in its neighbourhood is much stronger than that in the case of K* ion or Cs* 
lon. So a lithium ion is capable of attracting or associating with a larger number 
of water molecules than a potassium or caesium ion can. The net result is that the 
hydrated Li* ion has a larger dimension than other alkali cations. 
. Taking the cation to be a sphere of radius r+ we can apply Stoke's law when 
1t moves through the medium with a velocity v under a potential E. The frictional 
force, f = 6r, is balanced by the electrical force eE. That is, 


6nr4qv = Ss [the factor 300 is used for conversion into volts ] 
Now Dr NUM ero 
; E J 300 x 62r. 
or Actio CYP e 
+ Bx300x 62$ 


de eT ey. observed to be smaller in the case of lithium ion, 
Hohe 1 ics € greater than those of Na*, K* or other alkali cations. 
peibe edet PT TO OF solvation of the ions occur is not quite clear ; it may 
sclvatiod NERA u DE held by purely physical forces or there may be chemical 
it is generally el d d EIE In the case of H* ion in aqueous solutions, 
solvation occurs, it is chemical hydration (H3O*) occurs. Even when chemical 
attached to teen dos ally accepted that solvent molecules may also remain 
ihe ENNA S by electrostatic forces depending on the dipole character of 
e ib vent and the intensity of charges on the ion surface. 
1 hen a cation moves, under a potential, towards the cathode it carries with 
it some water from the anode to the cathode compartment. Similarly, if-anions are 
also hydrated, these would bring to the anode compartment an amount of water. 
As a result there would be concentration changes in the two compartments. The 
transport number determined by Hittorf method is really that of the hydrated ion 
and an apparent one ; it is not the transport number of the ion itself. 
Let f; and fa denote the true transport number of cation and anion, where 
i, and f4 represent the experimentally determined apparent transport numbers. 
Suppose each cation and anion are hydrated with q, and q_ molecules of water. 
When one faraday of electricity is passed, the anode compartment loses q. t, moles 
of water and gains q.t; moles of water. There is hence a net transfer of (say) x 
moles of water from the anode compartment. That is 


x = (q4te)—(-ta) = (4112) [q-—12)] Te) 
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Further suppose initially ws gm-equivalen j 
The Hanse of x mo. of ater raises he newe ce n ARD of water. 
D ; [re ied xar chamber. That is, the loss i pos 
COE OE ERE ess than what it should have been if water cations 
eon the anode ch sport number of cation is proportional to de not 
eaters CNW benc be less fuse uU bPe DUAE d 
er (fe) by an amount 


x.Ws/W. 


or 
It was Washburn (1909) who first succes i 
0 eded in estimati 
d an p He added a reference der die: is moor 
N yte. Raffinose would not migrate when electricit sobrang 
s REI was measured from optical o DE 
d With the Pirie d cise other substances ps ae 
: know of x, it is possibl : 
from equation (ii). Again, from E E Chae pees 
ti b q+ = (*+4-)|to — q- j 
ation number of cation q+ can be obtained i 
i c only if a value i 
4-molecules of tents ee DES i the. enionde ion i ydraed wih 
Am kali cations were : Lit 14, Nat 8.4, EU USE a ae RECE 
agreed that the negative ions are Scarcely hydrated (q. "20 TA AN ERIS 
- . is basis, the 


hydration numbers are 


x.ws/ 
in the ano 


k =x = 
... (ii) 


water tra 
raffinose t 
The chang 
water transferred ( 
urea, were also use 
transport number fo 


The hydr: 
or vice versa. Fa 


Lit 6, Nat 4, K+ 2, Rb* 1, Cst 1. 


The Interionic-Attraction Theory. We h 
onsidered as completely ionised Ueber Um Mardi 
containing 1 gm-equivalent the number of ions would be the s a ora ADM 
trations. And yet the equivalent conductance increases RRENEN at all concen- 
due to the change in the other factor, namely ionic speed, which al uon risus 
At ordinary concentration, the ions are in close proximit Ae NIE oilution 
hich render them unable to move with speed M oun Nee 
other- 


interionic forces ub i 

wise be possible. ith dilution, the interionic fi EI 
orces diminish and h 

ence the con- 


ductance ae 
In 1923, Debye and Hiickel treated the interioni 
ing an electric current quantitatively. This enc cacao quolutioncatiys 
of interionic attraction. The treatment was later modified i shyeslitekel theory 
Lars Onsager (1927). It is based on the application of the tes some respects by 
and the mathematical presentation is highly involved. We sh: i of hydrodynamics 
briefly a qualitative account of the different forces which infi all only describe here 
ion in solution moving under an applied electric field influence the speed of an 
Let us onder an ion in a solution, say a representative itive i 
e, which we shall name as the central ion. Let E be the AM lon of charge 
c field which directs the ion to move in the C qued of the external 
c-axis. There are 


electri ; 
really four different forces which play on the given ion and we m 
ay consider them 


separately. i 
1. Firstly, there is the electric force Ee acting on the ion'in th 
n the direction 
of 


the x-axis. 
2. Secondly, as the ion moves forward, there is a frictional fi 
orce which retard 
S 


its motion ; this is the viscous force. If th i 
BUS : e velocity of the i 
and the medium is assumed to be at rest city of the ion be vi 
, the frictional fi e vin the x-directi 
one would’ be. A ection 


f = —kv 
f = —6rnrv (By Stokes law) 


XII.14. 
are consi 


i.e. 
when 7 is the viscosity of the medium -i i 
eal and r is the radius of the ion assumed 
med to be 
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This leads to another interesting result, for the frictional force would be 
counterbalanced by the electrical force and hence 


6zrnv( x 300) = Ee 
expressing E in volts. 


2 - ml a MEC A kı 
Hence the mobility of the ion = E E = Fi 
The equivalent conductance of the solution then, 


do = etla) = Fut) = [14L] 
n Te Ta 

or ox = constant, for a specified electrolyte . . . (XIL29) 
This is Walden’s rule. The determination of (4,7) for a given electrolyte in different 
solvents did not prove quite satisfactory except when the ions are large and hence 
solvation is less. Due to solvation the effective radius of an ion is much different 
from r, and r_ of the unsolvated ion. When the ions are large the electric field 
of the ion is weaker, the solvation is less and the effective radius in different sol- 
vents is nearly the same. In such circumstances, Walden's rule is valid. 

3. Thirdly, in the Debye-Hückel theory it is conceived that each ion is surroun- 
ded by an ionic atmosphere whose net charge is on the average opposite to that of. 
the central ion. Thus if the central ion is a positive one, there would be other ions 
surrounding it where the net charge would be negative. Similarly a negative central 
ion would have a positive ionic atmosphere. In the absence of an external applied 
field, the ionic atmosphere is Spherically and symmetrically disposed about the 
central ion, So that it exerts no net force on the ion (Fig. XIL9a). When an external 
force is applied Such as the potential across two electrodes immersed in solution 
the ion moves in one direction (say x-axis), but the ionic atmosphere does not have 
time to adjust itself to remain Spherically distributed around the central ion and 
die behind (Fig. XIL9b). Asa consequence the ion is retarded in its motion by 
pe eS for the negative charges behind would be greater than those in 
Gonante ia ate nns This force causing retardation will be in a direction 
the motion cf the e motion of the central ion. The ionic atmosphere during 


pcm central i i i : d 
of an ion is called t on becomes unsymmetrical. This effect on the velocity 


the asymmetry effect or relaxation effect. 'The density of negative 
elu neci E in the lonic atmosphere surrounding a central positive ion 
onio REE ques r of the point from the central ion. The effect of the 
Moreover when th creases When r is large, i.e., when the atmosphere is far away. 

€ dielectric constant of the solvent is large, the force between 


the ions is reduced and hence the effect of ionic atmosphere also is less. Onsager 


(a) 


Fic, XII.9 
culated, in terms of ionic charges, concentration of the soluti : 1 
pate of the solvent and temperature, the force which See LEE 
the central ion. He found that this may be expressed as —k,E\/C ; the magnitude 
of k, depends upon 7, T and r. j 
4. There is still another force which opposes the speed of an ion and is res- 
ponsible for lowering the conductivity. This arises out of electrophoretic effect. 


XII.14] ELECTROCHEMISTRY : CONDUCTANCE OF SOLUTIONS 519 


The concept of the ionic atmosphere also presumes that in the neighbourhood 
of a central positive ion the solvent contains more negative than positive charges 
When an external field is applied, the --ve ions move in the direction of x-axis 
whereas the negative ions would move in the opposite direction. The ions during 
their motion would impart momentum to the solvent molecules. Since —ve 
charges are in excess, the net momentum imparted to the solvent will be in the 
direction of the negative x-axis. In short, a ‘streaming’ of the solvent in a direction 
opposite to that of the motion of central ion would occur. In other words the rela- 
tive velocity of the ion would be greater than that assigned to the ion assuming the 
solvent to be stationary. The streaming of the solvent due to the application of 
the electric field is called electrophoresis. In item 2 of this section we found the 
viscous force to be —kv where v was taken as relative velocity when solvent was 
regarded as stationary. The actual value of v will be higher. There is thus an addi- 
tional frictional force in consequence of electrophoresis. Debye and Hiickel 
as also Onsager expressed this opposing force due to electrophoretic effect as 


—k,Ey C 
Under equilibrium conditions, the four forces may be equated as 


Ee = kv + kıEVC + Kk, EC. 


Ee — kytk > 
or ar SE n EC 


It is easily seen that due to the presence of the ionic atmosphere and in conse- 
quence of the asymmetric, the electrophoretic and viscous effects, the mobility of 
an ion in a solution of concentration C would be less than that in an infinitely 
dilute state, Lt.C—0. 

The ultimate mathematical form for the expression of equivalent conductance 


of a dilute solution of concentration C was given by Onsager as 


0.9834 x 10* 2894,42] LS 
E c E anl ore + Ton] VET 


___ 412 (+1) 
Fz) (az) 


2q 
The symbol o = j "EUG Ziz, where q = 


two ions, D is the dielectric c i 

z,, z, are the valences of the tv s, D constant of the med 

’ the viscosity coefficient. This relation is deduced for strong electrolytes in SER 
ionisation is complete and even then it is valid in the case of solutions of appreciabl 
low concentration. When the electrolyte is a uni-univalent one, Onsager's Somadon 


takes the form, 


82.4 8.20 x 105 = 
a = alon t pipe ^ | ve RUW) 


The first term within the paranthesis is due to electrophoreti 
term due to asymmetry effect. phoretic effect and the second 
For a given solvent at a constant temperature, we m : 
: ay write the equatio 
n as, 


A= ào — [4 + Bà] VE x 
2 (XIL31) 


Aand B replace the constant quantities within the b s 
aqueous solution at 25°C, A = 60.2 and B = 0229. acket of equation (XII.30). In 


It is obvious that the plot of A vs4/C at low concentrati 
line. For a number of uni-univalent electrolytes this fe bee EIE. straight 
o be true as 


——M— Bà MA EE 
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in Fig. (XIL10). This confirms that the basic assumptions made in the theory 
are sound and correct. The slope of the lines in the curves would give the value 
of A--BA,, and the intercept the value of Ay. 


Key 


AgNO; 
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XIL15. Some Simple Applications of Conductance Measurement. The determination 
of conductance of solutions enables us to find out some valuable data about the 
electrolyte. A few of these are illustrated here. 

(i) Degree of Dissociation of Weak Electrolytes. Even in fairly dilute solutions 
weak electrolytes are dissociated to a small extent. The number of ions being small, 
the effect of Interionic attraction (Onsager) is negligible for practical purposes. 
pe such) the velocities of the ions of weak electrolytes at a definite concentration 
E at infinite dilution are the same. With dilution, the extent of dissociation 
i reases and hence the number of ions increase. The increase in equivalent con- 

seance is thus due to rise in the degree of dissociation. 
ot ?upposea gm-equivalent of the electrolyte at infinite dilution produces n, 


lve and n_ negative ions wh i ite diluti 
E. ose valences are z ,and z_. Then, at i 
the eqv. conductance would be d pp nito dius one 


ào = n} z} eu + n.z. ev Lee (a) 


€ = unit charge, u and v are the velocities of the ions. 


If a be assumed to be th issoci 
e l e degree of dissociati i i 
of the solutions, the equivalent conductance S up fuh e LM 


A = an, z, eu + on. z. ev ... (b) 
an, and an_ are the number of ions at concentration (C). 
` Dividing (b) b ew 
(b) by (a), ois .. . (XIL32) 


In oher ivo anaa Dae a the basic postulates of Arrhenius theory. 
conductances, Ay = I? ++ 19, hence ance at infinite dilution is the sum of the ion 


À 


; T jm + +» (XIE33) 
This relation is universally employed to find out the degree of dissociation of weak 


electrolytes. 


Problem 7. The equivalent conductance of a 0.014 N & 
The ion conductances of chloracetate and hydrogen ions are 4i 
the degree of dissociation. 


olution of chloracetic acid is 109.0. 
0.2 and 349.8 respectively. Calculate 


Ao = 349.8--40.2 = 390.0 
Hence a = AÀ, = 109/390 = 0.48 


D] 
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(ii) Dissociation Constants of Weak Acid i 
: ALES n 5 s. Th ; 5 
ar in equilibrium with the undissociated e uM ADU on dissociation 
us a Weak acid solution of HA will have the equilibrium coir olytes soiton: 
HA =Ht+A- á 
C(1—a) eC? aC 
C is the concentration and a, the degree of dissociati : 
> > ssocia ; 
Mass Action, the eqm. constant better known as em plying the Law of 
acid, is given by à ion constant of the 
Cut oc CAS aCxaC aC 


Ka = eS Ig 
GER EE les e. (XII.34) 
1 d 
Now (el s where v is the volume of the solution, 
therefore, Ka! = = 
=e) .. . (X1L.34a) 
Again a = Ee so Ka’ = Cinnet A Me 
i AA Xo(Ao—A) EATS) 


Thus a determination of A and knowled o 
f dissociation constant. ge of Ie and la would enable the evalua- 


tion o 
In Problem 7 mentioned above, the equivalent conductan = 
the dissociation constant of chloracetic acid would be, ce A = 109 and Ao = 390. Hence, 
xc (109)* x (0.014) 


Ki! VASE = Sees 
e = Tard ^ 390890-10 — 1x10" 


ese formulae gives only approximate values as in applying the equilibri 
ibrium the 


The use of th 
concentration terms have been used and not the activities, Wi 
inati Eesti . We sha 
method for the determination of the dissociation constant. ll see later a more accurate 


When the degree of dissociation (a) is very small, we can wri 
b ite the equation (XII.34) 
5 approxi- 


mately as 
Kg! aC, Le, a = V Ka'IC ( 
ry weak electrolytes, the degree of dissociati ` nP) 
are root of the dissociation constant. cum LU given concentration is 
i degree of dissociation and the hydrogen Gs i 
propionic acid (Ka’ = 1.32x 10). centration at 25°C 
weak one, we can apply equation (XII.36), i.e 


ie., in the case of ve 
proportional to the squ 
Problem 8. Find out 
for a 0.01 molar solution o! 
Since the acid is a very 
ac (ka’lO = (1.3210-8/0.01)? = 0.0363 
The concentration of hydrogen ions = 0.01 X0.0363 = 3.63 x 10- em-eq./l 

E Y - -eq./litre. 

iif) Degree of Dissociation of Water. Water conducts ve: e 
theless even the purest form of water obtained after Rea GER but never- 

careful distill 

a- 


tion is slightly dissociated and behaves as a v 
conductance of pure water at 25°C has been Podio o nectrolrte The specific 
.58 x 10-7 M 
Hence, the eqv. conductance of water is A= =X 1000 Tru 
G 
or A= (0.58 x 10-7). Vm, (Fm, molar volume) 


= (0.58 10-7 18 

(0.58310?) x gasy = 1.05% 10-8, (d : 

v. conductance on complete dissociation would be 997) 
A, = lat + lon = 349.8 + 198 = 

+, The degree of dissociation of water at 25°C = 5478 


Q2 è = 105x10" 
Xo. 547.8 1.9 x 10-9 


Its eq 
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And the conc. of H+ ions, Cy* = a.C = 1.9x 107? x 1000/18. 


= 1.05 x 107? gm-equivalents per litre 


In pure water the concentrations of H+ and OH" ions are equal, Cyt = Cor. 
The product of the concentrations of the two ions is called ionic product of water 
universally represented as kw ; its value at 25°C, 


kw = Cu*xCog- = (1.05x 10-7)? = 1% 10-14 mms (XIE 7) 


It may be noted that 


kw is the ionic product of water and not the dissociation 
constant of the process, 


H:O = Ht + OH- 


Cut x Con” CPt 

The dissociation constant, Ka,o = aa ae = Cie 
_ (1.05% 10-7)? -— (os 

== 300g A 


assuming the conc. of undissociated H,O as constant. 


(iv) Basicity of Organic Acids. As early as in 1887, Ostwald from his study 


of conductivities of solutions of aliphatic organic acids suggested empirically 
a relation expressed as 


Aioza—Àaa = (10.8)B 


quivalent conductances of the acid at dilution of 1024 
asicity of the acid. The relation however is not appli- 
ic acids except in some per-acids. 


(v) Determination of Solu 
Solutions of sparingly soluble 


where Ajo, and As, are the e 
and 32 litres and 5 is the b 
cable in the case of inorgan 


the solution Ls, then the equivalent conductance would be 1 
1000 
A= (Ls—Ly,0). Tsa 


where S is the s 
conductance of 


But here, 


olubility (or conc.) in gm- 


‘ equivalent of the salt. A correction for 
water is introduced here as 


Ls is quite low. 
NT = +1 
Therefore, Y S — (Ls—Ly,0) x 1000 
+12 


.- - . (XIL38) 


Problem 9. The specific condu 
and that of water 1.5 x 10-* ohm-1 


Using equation (XII.38). 


ctance of SrSO, in a saturated solution at 25°C is 1.5x 10-4 
cm-1, what is the solubility of this salt at 25°C? 


T. (150x10-* — 1.8 x 10-5) x 1000 
ic M MU BI S RUUU 
Solubility S 69.24798) 
Igr** 59:2 


lsgc- = 79.8 
eq. wt. of SrSO, = 92.8 


io 


1:07 x 10-3 gm-eqv. per litre 
92.8x1.07 x 10-3 = 0.099 gms/litre, 


oil 


j ctometric Titrations. (a) Acid-Base Titrations. When an acid is 

s C onay base, the conductance of the resulting solution varies with every 

titrate f titre, As a simple illustration let us take the titration of a strong acid, 

a e anie acid, by a strong base, say caustic soda. The titration. is to be 
say hy d 


XILI5] 


carried out in a co 


conc. should be much higher than 
is added 


any large dilution effect, 
bottle should be kept in 
addition of the titre cau 
mean the replacement of 


at 


Ht + Cl- 
NRO ae poth strong, these are completely dissociated. When 
+ jons will remain. 
much higher 
the conducta 
and more 
XIL.12a. 1/R vs 
H-*ions are remo 


Since HCl and 
any reaction occurs, 
solution Na 
tance of Htion is 
The result is that 
will decrease as more 
as shown in Fig. 
this way all the 
tance would reac 
tion of NaOH means increase 
both Na* ionsand also relativ 
ions. These arenolongerremo 
ductance would rise again lin 
titre. The point of intersect 
i.e., the lowest point, c 
conductance W. 


h the lowest 


the exa 
measurements 0: 
would give on ex 


The appeara 
titra 


nce of the 
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nductivity bottl 


stic soda. The neutra 
H* ions by N 


orresponds to the n l 
hich is the exact neutralisation point. 


to find ou 


po 
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e as shown in Fig. XIL.1I. à 

the acid taken in the bottle m do ipur 
slowly in small lots from a microburette The 
he conductance is measured after each 
lisation in this process would really 


hermostat. T 


at ions in equal numbers : 


4Net{,OHp = Nat t. Cl + H,0. 


ons will disappear along wi za : 
The ionic coaches EX OH tens and an ihe 
than that of Na*. 
nce of the solution 
NaOH are added, 
vol. of titre . In 
ved, the conduc- 
point. Further addi- 
in the number of ions 
ely faster movingOH 
ved and hence the con- 
early with addition of 
ion of the two lines, 
ds to the minimum 


int of intersection. 
itration curve when 
hat different. Sup- 


t 


weak acid is oe n areas 
pose acetic ac! is titrate with caustic so a. Initi- Se Sai [2 
ally, since the acid is weak with poor dissociation, Sos puru 
the conductance will be small. As NaOH is added, rations 

the H+ ions. Fresh hydrogen ions are generated by the dissocia 


OH-ions remove 
tion of HAc mo 


Fic. XII.12 Acid 
Titration Curves ( 
(a) Strong acid Vs. Strong base (b 
Vs, Strong base (c) Weak acid Vs 


lecules to res 


-base Conductometric 


x, equivalence point). 


tore the equilibrium. Besid 
some Na* ions Ms the eel iltis d 
there is a small rise ICONE UE o E 
buted by Nations and Ac- ions i AC is 
starting stage even there may bea light 
fall in conductivity, but then it ds 
Ml rise.] The entire RISE 
Haei n this way slowly dissociates and 
eie n8 neutralised. Further addi 
tion p NaOH, being unused, wo ld 
He nl y jnctense the conductivity due t 
the hig ion conductance of OH-i 
MUT DM of uem x markedly 
two lines would SUP Ce he 
point. (Fig. XILI29). axi 
i he acid to be titrated i 
LKE phenols, the tiation moy LER 
with additi Sor AE DU AS al 
Saas on of titre the condro 
SES "d rs ed he previous cd 
"qi e point i i 
Erer on of ent bue bna 
) Weak acid line mail be E i CE the 
Weak basi e will be almost parallel to th ine 
e axis. This is indicated in Fig EPA 
Ü 12€). 
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Such conductometric titrations are often most convenient, when use of indica- 
tors becomes impossible or unsuitable, as in coloured solutions or in very weak 
acids or bases. . 

(6) Precipitation Reactions. Reactions in which precipitates are readily 
formed can also be followed conductometrically. In a reaction of the type, 


KCl + AgNO; — KNO, + AgCl 


we have really K*--Cl---Ag*--NO; —K*--NO; -rAgCl. That is, on addition 
of the titre AgNO,, the K+ ions remain unchanged in amount, the CI- ions are 
substituted by NO,* ions. The ion conductances of 
Cl- and NO; ions are not much different. Hence, 
the conductance of the solution with successive 
addition of AgNO, will not alter much, the line 
would remain parallel to the axis of precipitant 
volume, as in Fig. (XIL.13). When the equivalence 
£ point is passed, there will be a sharp rise in conduc- 
tance as unused Ag* and NO,- are added. The end- 
point of the reaction (the point of intersection of the 
lines) can be determined quite easily. 


x 
Volume of precipltent added XII.16. Activities in Electrolytic Solutions. In Chap- 
att ter IV, Section IV.60, the terms activity and activity 
Fic. XII.13. Titration of KCl coefficients have been defined and their relations to 
soln. by Ag NO, soln. 


concentrations have been generally explained. ; 

f systems and solutions of non-electrolytes, their 
thermodynamic and other properties can be fairly accurately expressed in terms 
of their concentrations even at moderate concentrations (or pressures). That is, 
such systems have very little departure from ideal behaviour. But solutions of 
electrolytes, especially of strong electrolytes, exhibit marked deviations even at 
low Concentrations. As such in the treatment of reactions in which ions are in- 
volved, it is essential that their equilibria, kinetics, etc. should be expressed in 
terms of their activities, Only when the electrolyte solutions are at infinite dilution, 
ne Concentrátion terms can substitute the activities, for, in such conditions activity 

ath e. Concentration, the activity coefficient being unity. 

from the aoe of activity terms yields more accurate result may be illustrated 
OSAA constant values thy e ae acid. In the table below are given the 
ionisation constant w ) of the acid using concentrations (XII.35) and also 


i S using activities. The i ter 
will be shown in a subsequent section. method of calculation of the lat 


In dealing with gaseous 


TABLE : IONISATION CONSTANTS OF ACETIC ACID AT 25°C 
Conc. x 105 


p "m 2.8 21.8 102.8 984.0 2000.0 5000.0 
(conc) X LT 1.78 1.80 1.83 1.84 1.85 
K (activities) X 10* 1.75 1.75 1.75 1.75 1.74 1.74 


It is necessary to know h 


F : Ow concentrations are converted to activiti s 
sider a solution of an electro} ties. Con: 


yte (Az By) which is completely ionised in solution. 
AzBy = x A + y Be- 


where z, and z_ are the charges of the ions. The subscripts + and — will always 
refer to properties of positive and negative ions ; Symbols without Subscript would 
refer to neutral molecules. 

If there are c molecules of the electrolyte dissolved in the c; molecules of sol- 
vent, then thermodynamic potential of the solution would be sum of the thermody- 
namic potentials of solvent and the ions, i.e., 


G = Cope + [xu + yp] ys (4) 
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p-terms are the respective chemical potentials. 


We also have G = Csps + cp 
where p is the chemical potential of the electrolyte in solution. Seg 
Comparing (A) and (B) p = Xp, + ype © 


Let v = x + y, the total number of ions roduced i 
jig, is the mean ionic chemical potential, then É nde Po as 


hg vad D) 
g = Ves 
Now these chemical potentials TT be expressed in the formal way ME 
pe = p} RT Ina, 
p- = pt + RT In a- 
fe = wh + RT dna. TERE) 
p= eo +RT ina 


where a, and a- are the activities of the ions, a is the activi 
in solution, a+ is the mean ionic activity. Moreover under or te eet oye 
es, by 


definition, 
p^ = xut + yu 
vp = Xp + yp 
ie, p? = vps eR OG) 
substituting (F) in (E). p° + RT In a = wi + VRT In ay 
hess a= di .. . (XIL39) 


Again, substituting equation (F) in (D), we have, 
wu Y RT Ina, = xp} + yu?. +x RT Ina, +y RT Ina 
ah a = ay at. - (KILO 
di di = Va = Va. a? ^ 
The mean ionic activity is the geometric mea: of th d E 
mis / j n of the individual ion activiti 
Using formal expressions between activity and concentrati eee 
a 
in tion, we may also 


a = fC, 

a. = f. C 

a, = fC, bad (E 
AI. (H) 


in which f-terms are the activity coefficients and C- 
in i terms are the concentrations 
Introducing equation (XII.41), 


qaae edd = (CL.C2) . fF .f? 


Yi > EO 
and hence 44 = (C}.C2)". (ft Pp)" VCI 
Aided by relations in (H), we define » +. (XIL43) 
mean activity coefficient of the electrolyte, does fy 
= PET A y 

and mean molarity of the electi lyt = l 

y of disi BRE. s (CE. coy 
Thus, dy =a” = C... fe 
and ae =la (GR Ty - - - (XIL44) 


A Rr RES R 
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If we consider a solution of molarity C, then 
C= xC C =C. 


1 
So a = Va = [XCO YC] fa 
a 
= (xzyU)" C. fy | .. . (XII.45) 
and a = (xeyV)C" f? 


These expressions correlates concentration and activity. 
For a uni-univalent type of electrolyte, x = 1, y = 1, x+y = v =2, 


hence dy = (1 x 1}.C. f+ = C.f} 

and a = ai = Cf 

For a uni-bivalent type (say BaCl,), x = 1, y=2, y=3, 
hence ad, =(1 x2 Ch = y4.C.fr 
and a= ay = 4C? ft 


For some simple electrolytes, the expressiont for a, and a are given below. 


TABLE : EXPRESSIONS FOR A4 AND A FOR DIFFERENT ELECTROLYTES 


y 
Electrolyte | type 53:32 | y [ Cy ax a( Ex. ax) 
: | 

NaCl, ZnSO, etc. | 1—1 1,1 2 | (6j Ch, cy? 
CaCl,, Na,SO, etc. | 1-2 1,2 3 | Wac 3 4cy3 

| or 2—1 £ 
La(NO;);, K;PO, etc. [9.113 13 4 271 C*f£ etc. 

| or 3—1 2 


Corresponding expressions for activity and activity coefficients of electrolytes 
in solution when molal units are used for concentration may also be obtained in 
the same way. The activities will be given by, 


a} = y} m, a =y m. 


where y-terms are activity coefficients and m-terms are molal concentrations. 


1 
Similarly dg = (x*yV)" my, | 


-« « (XII.46) 
and a = ak = (xy) my) 


1 
Ys is the mean activity coefficient. Also we have y4 = (yi. y2)” 
and m = m . m", mean molality of the electrolyte in solution. 


The mean activity or activity coefficients will not be the same in magnitude 
when molar and molal concentrations are used. The relation between f+ and yx, 
and again between C and m, i.e., concentrations in two units are given by 


F = T L e—0.001 CM, | 2. (XILA7) 
and c == E0001 mM, m (XII.48) 


where p = density of the solution, 


n, solubility, 
ds are described later [see Sec. XII.13, 
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XIILI8]. It must be remembered that in all such determinations, it is presumed 
that activity coefficient of an ion at infinite dilution is unity ; y =1,orf=1. 
Therefore, 


Lt C — 0, a = fp Cy= Cz 


and Ltm — 0, 


dg = yg Mm} = m. 


At infinite dilutions, activity and concentration of an ion are equal. In the table 
below are listed the mean activity coefficients (y) of a number of electrolytes. 


TABLE : MEAN IONIC ACTIVITY COEFFICIENTS (25*C) 


A. scrutiny of these results reveals that electrolytes of t 
e.g., ZnCl, and Co(NO;),, or KCl and NaBr, etc, at t 
have almost equal activity coefficients, 
centrations the y’s are individualised. 


he same valence type, 
| he same concentrations 
in dilute solutions. Only at higher con- 


X17. Ionic Strength. It is necessa 


Pes Ty to define here another term namely, the 
tonic strength, which will have t 


O be frequently used in our subsequent 
discussions. Experimental observations 
(see table above) show that the activity 
coefficient of a given strong electrolyte in 
very dilute solutions begins to decrease 
with rise in concentration, reaches a mini- 
mum and finally begins to increase with 
concentration. The curves shown in Fig. 
XII.14 illustrate this fact. It was soon 
realised that in very dilute Solutions, the 
activity. coefficients of electrolytes of the 
same type (say, uni-univalent or bi-bivalent 
types) are practically the same at the same 


SUM lon concentration. The table bears out the 
N07 truth of this statement. 
ax: Empirically the mean activity coefficient 
may be represented as, 
0:5 lny = — Auc 


where c is the concentration 
and it is valid in ext 
trations. 

10 15 20 25 30 In a mixture 


of the solute 
remely low concen- 


05 


] ; the activity coefficient 
: of a given electrolyte depends upon the 
1S. XII.14 Activity coefficients of elec- — total electrolyte concentration as also on 


trolytes at various concentrations. the individual characters of the different 


C 
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Resolving equation (D), the solution of # in terms of distance r, from the central 
ion is given by* 


=, — vus (G) 
Dir 
where Ze is the charge of the central ion. 
A P Ze Ze 1 K m ŽE ZEK 
m Vie Dr DR Dr D D 
assuming «r to be quite small compared to unity. 
Ze Ze 
os Yep? as DJ <0 


From electrostatics, we know, the electric potential produced by the charge ze 
of the central ion itself at a distance r from it would be given by 


Ze 
h= pp 


It may be remembered that the charge of the ionic atmosphere is equal in 
magnitude but opposite in sign to that of the central ion. If the charge of the ionic 
atmosphere be imagined to be concentrated at a point, distance 1/«, the electric 


potential produced by it at the ion would be y, = — =o The quantity 1/« 
D.i]k y 


is therefore the measure of the radius of tlie ionic atmosphere and it would obviously 

epend upon the concentration of the solution. In equation (I) for the potential, 
the first term denotes the potential due to the charge of the ion itself and the second 
term is the potential due to the surrounding distribution of ions in the ionic 


atmosphere. In infinitely dilute solution x tends to zero or the potential due to 
the ionic atmosphere vanishes. 


Let us imagine the central ion in uncharged initi 
€ or neutral) state initially and let 
the charge e = ze be imparted to it sl E ? n 


ie owly in successive amounts of infinitesimal 
quantities. If the potential at the surface of the i i 
given by, [using equation (H)]. e ion be y, the work done will be 


w= fyf CM CIC 
AA | (a 5)« 


where 'a' is the effective radius of the ion-particle or more ropri 

- appropriately, the 
closest approach between the ions. The work of charging the ion in infraite dilution 
and in a solution of a given concentration would be different. The work involved 
in the two cases are : 


(i) In infinite dilution : W, A ( £ er )e = | *. de 
0 0 


Da D Da 
à 2.2 
(since k = 0 LUE. 
) 2Da 
*Transformation into polar coordinate gives 
V" = k4 
ird db 
or E hrs. = = 
ela (ez )] zd 2 
x " v d?v 
Putting y = $ da x Kv 0, from which solution (G) is obtained. 
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ze 
(ii) In a given solution, W, = J e = $)* 


2D I 2D A 


Hence, the work done in transferring the charged ion from the solution in 
infinite dilution to that in given concentration, 


AW = hha A NEA 


If the solutions were ideal and if there were no electrical interionic forces, 


then the change in Gibbs potential in the transfer of the ion from a very dilute 


Solution (concentration m, molal) to a given solution (concentration m molat) 
would be 


RT 


AG = — In m where N is Avogadro number. 
N m 


In real solutions, the interi 


i onic forces are to be taken into account and the Gibbs 
potential change would be 


D 


SRE emi RIE uma z3e2 
AG er n geo AMOR ap EE ow (K) 


Again for real solutions, introducing activity terms, we have 


RT a RT, my RT, my 
mA a = my 
AG = yr ln Hy T ANS ay N mg 


(y-terms are activity coefficients and in very dilute solutions yọ > 1) 


RI. RT 
or AG = rc ly Ts a (CL) 
" , RT z3e 
Compari E t. 
Paring equation (K) and (L), N In y 2D ^ 
z*e*N 
or Met Sa Bs e (M) 


^ s Ame? à : 
In equation (F) it is seen, x? = pepe? in which m; is the number of the 


i-th species of ion per c.c. 


The molar concentration of the ion, e = + . 1000 


The molal concentration of the ion, m = 2 1000 


Where d i 


N' d 
S the density of the solution, the same as that of the solvent 
Solution is dilute. 3 Nisus 


"or 
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7 z?*e?N 
Rewriting equation (M), Iny = — sp RK 


z*e?N [4ae2 Nd 
2DRT VDKT' 1000 


< 2 i 
Emiz ) 


zt?N [4r Nd DUCERE 
—2DRT Dr: 1000) Nam 


Since ionic strength (Sec. XII.17) is given by, i = 3 Xmizi? 


eN 4rneNd A2; 
We have, Iny = — 2 (3pgr- perio 
= —Bz*i 
eN CAmeNd 
where B = V? \ZDRT V pxr-1000 
01 qeN o 
E (DTy"V R "Y Kk.1000 


and is a constant when D and T are unaltered. 


The equation (N) is then an expression for the activity coefficient y, in terms 
of known measurable data. 


The mean activity coefficient y+ of an electrolyte, say Av;By_ is given by 


Yea yt yl 
v4 In y} + v- Iny- 
ETF yE 
= Bz Vi) + v C Bz* vii) 
Menus 
E el , | 
EVI [ Va y- 
= — Bvi.z,.z_ 


or lny, = 


[ XIL18 


- (N) 


. (0) 


B 1 j; 
log; y+ = — z5 |% RENES zz Ni uan (E) 


where z, and z. are the numerica! values of the valence of the two ions of the 
electrolyte and A = B/2.303. 


Using the values e = 4.77 x 10-1? e.s.u. ; 


N = 6.06 x 103 ; k = 1.36 x 10-19 


ergs. at 25°C, in aqueous solutions, where D = 78.54, the value of A comes out 
to be 0.509. 


So, for different types of electrolytes, the mean activity coefficient would be, 


logioys = —0.509 ziz /i e —0.5 z,2_ Vi 


logioys. 
Uni-univalent — 0.5Vi 
Uni-bivalent — 10Vi 
Uni-trivalent — L54/i 
Bi-Bivalent — 204i etc. 


Vezg + v-z% 
= y-z.Z-d VQ4zQz- 
2,2-(Vy. + ¥-) 


i] 


. (Q) 
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For a single uni-univalent electrolyte in aqueous solution of molality m at 25°C, 
logioys == —0.54/i = —0.54/m 
i is often mentioned as the Debye-Hiickel Limiting Law and 
it m eee calo COR of the activity coefficient of an electrolyte theore- 
tically, at very dilute solutions. The law will be strictly valid as the concentration 
approaches zero, i.e., at infinite dilution. The validity of the Debye-Hückel theory 
for very dilute solutions (i<0.01) has been tested in two ways. d Ne 
I. Since log yz. = —Az,2_V/i, the plot of —log y+ against 4/i in lilute 
solutions would be linear and the slope of the line would give the eee Aaz 
This has been experimentally established. The activity coefficients o dice 
cobaltammine salts were determined from solubility mieaeirencn in i erent 
ionic strengths (Brönsted and Lamer) ; the ionic strengths were varie m" ad mon 
of salts, like NaCl, KNO;, BaCl, etc. The linear graphs obtained on p otting Vi 
vs —log y+ are shown in Fig. (XLL.15). The slopes obtained from the graphs 
corresponded to the calculated values of Azz. Moreovr the same linearity 
was obtained irrespective of the nature of the salt added to vary the ionic strength, 
as expected from the theory. 


08 


02 


02 "04 06 08 “10 
Vi 


Fic. XII.15 Activity coefficients vs. ionic strength. 
1. Uni-univalent. II. Uni-bivalent. III. Uni-trivalent. 


II. It will be seen from equation (O) that for a given electrolyte the value of 
d 1 f ; 
*4' should be proportional to Dry Varying the temperature, the dielectric 


constant was widely altered. The slope of the line log Y4 vs v/i at different tem- 
peratures has been determined to calculate A. The experimental results satisfy 
the theoretical requirements. 

Apart from the fact that the limiting law enables us to calculate 
solutions, where experimental values may not be available, the law 
various other purposes. Some of its applications will be seen in subs 


ite y, in dilute 
1$ also used for 
€quent sections. 


XIL19. The Debye-Hückel Theory in Concentrated Solution. It h 
the Debye-Hiickel theory would be valid only in very dilute solutio: 
concentration, the extension of the limiting law has been made chiefly by Hückel and by Brónsted, 

In deriving the Debye-Hückel equation two. approximations have been made which are not 
permissible in more concentrated solutions, (i) The potential due to the ionic atmosphere y, has 


as been mentioned earlier that 
ns. In solutions of appreciable 
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been approximated to —7<* 


assuming xr to be very small, which is not so in case of concen- 


trated solutions (see equation (H) Sec. XII.18). (ii) The dielectric constant D of the medium has 
been assumed to be constant throughout the medium, which is not strictly true. In order to apply 
the Debye-Hückel equation to solutions of appreciable concentration, corrections have to be intro- 
duced on these two counts. 
(i) The potential due to the ionic atmosphere should be 
Ze K 
p D' lckr 


Using this expression for the ionic atmosphere and following the same treatment as before, it 
can be shown, 


Az,z- Vi 
] Su rar 
Ogi1o Y+ edie 
3 4s? Nd \t  — 3 
The value of x is ( DET’ Teal 42i = Ai 
where A, stands for the quantity within the paranthesis. 
Az,z Vi 
H A Ea 
ence logio 7+ ERA ENT, «x» « GR) 


This expression would always give smaller and smaller values for y4 With increasing concen- 
trations. Experimental measurements however show that the activity coefficients first decrease 
with rise in the concentration and then increase after passing through a minimum value (Fig. XII.14) 
The expression, therefore, needs further correction. 

(ii) The solvent molecules themselves are permanent dipoles and are influenced by the ions. 
The electric forces near the ions are quite strong. In consequence, the solvent molecules may 


compere with other ions in the formation of the ionic atmosphere. The orientation of the polar 
solvent molecules in the vicinity of the ions is likely to reduce the dielectric constant (D) appreci- 
ebly. The dielectric consta; 


i A nt therefore would vary from point to point. It has been presumed 

be p ere constant is a function of the concentration or the ionic strength. A complicated 
ation shows that, to account for this variation of dielectric const additi 

term proportional to the io; c NEA m feme 


VENE nic strength has to be introduced in the equation (R), such that we can 
Az,z Vi 
logiya. = — SVE i 
10 Ye LFaA, i + Agi ++. (S) 
or 
logioyt = — Az,z_Vi+aAA,z,2_i + Agi 
= — Azz Vi+ Ci 


C = a constant for a given electrolyte. 


This expression is in fair a ith e of the 
greement with i i i 
NES hu Xperimental results and is an extension h 


References for further study 
1. Introduction to Electrochemistry—Glasstone 
^ The Wenn] of solutions Davies 
. Principles and applications of Electrochemi: i 
nes iemist: 
4. The principles of Electrochemistry MacInnes Bib. oe 


5. The physical chemistry of Electrolytic soluti 
6. Solution of Electrolytes—Hammett ^ A scr 


Problems 


1. A steady current passed through a sol 
1 hr. Calculate the number of coulombs. Wh 
would the same current liberate in 1 hr? 
2, Calculate the quantity of electricity which would b i 
e i 
benzene (C4H,NO,) to aniline (C,H,NH. e 1025 ams of nitro- 


2). If the voltage across the electrodes i 
: . . n t 
cell be 2.4 volts, how much energy in calories 1s consumed in the process of reductio 


ution of AgNO, deposits 0.5000 gms of silver in 


Ben at 27°C and 750 mm pressure 


he electrolytic 
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3. A solution of HCI was electrolysed in a transport tube with Pt electrodes. The amount 
of HCl in the cathode compartment before and after electrolysis are 0.1820 gms and 0.1670 gms 
respectively. The silver deposited in a silver coulometer in the same circuit was 0.2520 gms. What 
is the transport number of Cl-? 

4. In a Hittorf tube with silver electrodes a 0.1N AgNO, solution was electrolysed. At the 
end of electrolysis, 20.10 gm of solution in the anode compartment was found to contain 39.66 

“mg of silver, and 27.10 gm of solution in the cathode compartment contained 11.14 mg of silver. 
The silver coulometer in series gave a deposit of 32.10 mg of silver. Show that the transport 
number of silver ion would be 0.44. 

5. In a moving boundary experiment with a 0.02N NaCl solution a current of 0.0016 ampere 
moved the boundary through a distance 6.00 cms in 2070 sec. The cross-section of the tube is 0.1115 
cm?, Calculate the transport number of both ions. 

6. The specific conductance of 0.01N KCl.solution at 18°C is 0.001225. In a given conduc- 
tivity cell at 18°C, the resistance of 0.01N KCI solution was found to be 145.00 ohms and that of 
0.002N K,SO, was 712 ohms. What is the cell-constant? What is the equivalent conductance 
of 0.002N K,S0,? 

7. The equivalent conductances of NaCl, HCI and sodium monochloroacetate at 25°C at 
infinite dilutions are 127, 426 and 89.8 ohm-! cm?. What is Ay for monochloroacetic acid at 25°C? 

8. The equivalent conductance of an infinitely dilute solution of NH,CI is 150 and the ion 
conductances of OH- and Cl- ions are 198 and 76 respectively. What will be the value of A, for 
NH,OH? If the equivalent conductances of a 0.01N solution of NH,OH be 9.6, what will be 
its degree of dissociation ? 

9. The resistance of a conductivity cell filled with 0.02N KCI at 18°C is 17.6 ohms ; filled 
with 0.1N acetic acid the resistance is 92 ohms. The sp. conductance of 0.02N KCI at 18°C is 
0.0024 ohm-* cm~. At 18°C, lg} = 315, l4e- = 35. Show that the 0.1N acetic acid is dissoci- 
ated to an extent of 13.2% at 18°C. 

10. At 25°C, the eqv. conductance of Nal solutions are as follows, 

Conc. 5x10-*  10x10-* 50x10-4 
A 125.36 12425 ` 12125 
Calculate the ion conductance of iodide ion if that of sodium ion be 50.1. 

11. At 25°C, the mobility at infinite dilution of NH,* ion is 76 x 10-5 and that of acetate ion 
42x 10-* cm? sec7? volt-1. Calculate A, for ammonium acetate and the transport number of the 
two ions. 

12. At 25°C, for a 0.02 molar AgNO, solution, A = 128.8 and t4g+ = 0.477. Find out the 
mobilities of Ag+ and NO;-ions in the same solution. 

13. For KCl in aqueous solution Ay = 149.8. What will be the equivalent conductance À of 
a (1x10-?) molar KCI solution assuming Onsager equation? (See eqn. XII.31). 

14, What is the ionisation constant of chloroacetic acid, if the equivalent conductance of its 
0.014N solution be 109 at 25°C. Given lg, = 349.8 and /4_ = 40.0. 

15. Calculate the ionic strengths of 0.1 M solution of KCIO,, Na,SO;, KyFe(CN),and CuSO,. 

16. Use Debye-Hiickel limiting law to calculate the mean ionic activity coefficient of a 1 x 10-3 
molal aqueous solution of (a) Na,SO, (b) KsFe(CN),. 

17. The Arrhenius dissociation constant of propionic acid at 25°C is 1.35 1075. Calculate 

+ the (a) degree of dissociation (b) H*-ion concentration in a 0.005 molar solution. 

What will be thermodynamic dissociation constant if the degree of dissociation is accepted 
as correct and Debye-Hückel Law is applied? 

18. At 35°C, the conductivity of a saturated solution of silver chloride was found to be 4.40 x 
10* and that of water 1.2 10-5. Calculate the solubility of silver chloride at the temperature. 
(The table may be consulted for ion conductances). 

19. The specific conductance of thallous bromide is 2.16 x 10-* and that of water 0.044 x 10-8 
The equivalent conductance at infinite dilution is 138.2. Find out the solubility of thallous bromide 
1n gms per litre at the same temperature. 
ee The freezing point of 0.025 molal copper sulphate is—0.061°C. The equivalent conduc- 
^ ice of this solution at 18°C is 51. Calculate the degree of ionisation of CuSO, in Solution both 

tom freezing point and from conductance. (Standard data may be taken from the relevant tables.) 


CHAPTER XIII 


ELECTROMOTIVE FORCE : IONIC EQUILIBRIA 


XIII.1. Galvanic Cells. A galvanic cell is a device in which the free energy of a 
chemical process is converted into electrical energy. Usually such a cell consists 
of two electrodes immersed in one or more suitable electrolytes. When the elec- 
trodes are connected externally by a metallic conductor, current flows from one 
electrode to another and inside the cell chemical changes occur at the surface of 
the electrodes. A galvanic cell is thus rightly called an electrochemical cell, whereas 
an electrolytic cell is one in which electrical energy from an external source is 
used to carry out a chemical change. To illustrate a typical galvanic cell, we may 
cite the old and familiar Daniell cell commonly used in the laboratory. 

In a Daniell cell a zinc rod is immersed in a ZnSO, solution and a copper 
rod in a CuSO, solution. The two solutions are kept separated by a porous barrier. 
The barrier allows current to pass through but prevents mass diffusion. Zinc and 
Copper rods are the two electrodes. When these are connected externally by a 
metallic wire, current flows from copper to zinc through the wire. Copper is said 
to be the positive pole and zine the negative. (Fig. XIIL.1). 


Fic, XIIL1A Galvanic cell (Daniell cell) 


In this cell both th i ; 
Hacia scel ore electrodes zinc and copper are Surrounded by their own 


soluti exists an equilibrium bet i e 
and the ions in solution at each E as image. arated 


Zn = Znt++ + 2e 
Cu = Cutt + 2¢ 


But zinc has a greater tendenc to ionise th i 
into solution leaving behind two estt. in ihe: lu d ne P 
hand, at the copper electrode Copper ions from aeu ia oit 
accepting two electrons each from the electrode. S 
at the zinc electrode and dearth of tt 
circuit is closed electrons flow from zinc t 


there i 


for the purpos 
s : Inc gives up it 
occurs, is the anode or negative electrode. TI 


» 
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take up electrons i.e., reduction occurs, is the cathode or positive electrode. The 
galvanic cell is represented as 


Zn | Zn**(conc. cy) || Cu**(conc. c;) | Cu 
where vertical lines indicate phase boundaries. 
The cell reaction is Zn + Cu** = Zn** + Cu 


It is the usual custom to write the anode of the cell on the left and the cathode 
to the right in representing a cell. It is also our common convention that the 
current in the external circuit is considered to flow from cathode to anode (Cu to Zn) 
although the electrons are flowing through the wire in the opposite direction 
(from zinc to copper). $ 

The flow of current and the chemical changes at the electrode continue as 
long as tlie circuit is closed. The chemical action ceases when the circuit is left 
open and there would be no flow of current. 

Many other electrochemical cells are in use. A few of these are mentioned 
here. 


Cell * Chemical reaction 
= + 
(i) Zn | Zn**(soln) | Hg;**(soln) | Hg Zn + Hg,** = Zn** + 2Hg 
= + 
(ii) Pb | HSO; | PbO,(Pb) PbO, + Pb + 2H,SO, = 2PbSO, + 2H,O 


- + 
(iii) Cd (Hg) | CdSO,, 8/3H.O | Hg;SO, ls Cd + Hg,SO, = CdSO, + 2Hg 
(amalgam) (satd.) (satd.) 


Reversible and Irreversible Cells. The electrochemical cells may be reversible 
or irreversible. In a reversible cell it is implied that the chemical reaction occurring 
in the cell may proceed in either direction depending upon the direction of flow 
of the current. When the circuit of the cell is closed, a reaction occurs in the cell 
and we obtain a current. Thereafter if we apply a driving force (e.m.f.) from an 
external source so as to cause a current to flow in the opposite direction, the 
chemical action is reversed. The driving and opposing forces may be only infinite- 
simally different. When these requirements are satisfied the cell is reversible. 
When the chemical reaction cannot be reversed by the application of external 
e.m.f. the cell is irreversible. 

The Daniell cell discussed earlier is an example of a reversible cell. When 
2 coulombs of electricity are produced, 65/96500 gm of zinc goes into solution at 
the anode and 63.5/96500 gm of copper is deposited at the cathode. If now an 
external e.m.f. is applied such that 2 coulombs of electricity are passed in the 
opposite direction, the cell will return to its original state, i.e., the quantity of zinc 
as dissolved earlier will be deposited at the anode and the previous quantity of 
Copper will be dissolved at the cathode. The cell is thus reversible. 


On the other hand if we consider the cell 
Zn | H,SO, | Cu, 


in which 1 faraday of electricity is produced, when 1 gm-equivalent zinc goes into 
Solution and one gm-equivalent hydrogen is liberated at the cathode (Cu). If 
now 1 faraday of electricity is passed through the cell in the opposite direction 1 
£m-equivalent of copper goes into solution and 1 gm-equivalent of hydrogen is 
liberated at the zinc-electrode. The original state is not reproduced; the reacti 

is ae not reversed. This is an irreversible cell. 3j on 
, in a cell there are two electrodes. Each of the electrodes in thi 

tons is called a single electrode or half-cell. Yn a reversible cell [5 E MS 
also reversible. Thus, in Daniell cell the anode zinc (Zn | Zn) inc v SCELUS 
Zinc ions is a reversible half-cell ; and also copper (Cu | Cut) in ontact with 
copper ions is the other reversible half-cell. Contact vai thy 
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To deal with the energy relations 
extensively employed. The thermod 
Sible systems. That is why the rever 


of cells, thermodynamic principles are 
ynamic relations are applicable only to rever- 
sibility of cells is of utmost importance. 


XIIL2. Measurement of EMF of Cells. The e.m.f. of a cell is measured with the 
help of a potentiometer. The principle involved can be easily understood from 
Fig. XIIL2. AB is the potentiometer slide wire of uniform cross-section and having 
high resistance. A Storage cell C is connected across the terminals of the slide 
wire AB, such that potential drops from 
A to B. Now the cell X, whose e.m.f. is 
required, is connected to A, such that its 
e.m.f. opposes that of C. (That is, A is 
connected to positive terminals of both 
X and C.) The other terminal of cell Y is 


to a sliding contact P. This is moved 
along the slide wire until there is no de- 
flection in the galvanometer. This means 
that the e.m.f. of the cell X just balances 


be the e.m.f.’s of the given cell and the standard cell, then 


— Drop of potential from A to P _ Resistance of AP length AP 
Drop of potential from A toQ Resistance of AQ ^ length 4Q 


Ex 
Es 


Since the wire is of uni 
Es, the em 


gh nts are made with closed circuits, but when the emf, 
of the cell is balanced, Do current practically passes. As such the potential Ez 
measured is really the c i 


y m.f. of X with the circuit open. 
he most widely used stand 


Cd(Hg), CdSO,, 8/3H,0 CdSO, 
(12.5% Cd amalgam] ry. à | (sat. io) 


Hg;SO, Hg; 
(solid) 


in which the cell reaction is 


Cd + Hg,So, = 
The cell is prepared in a H- 
vessel—one arm Containing the el 
12.5% Cd-amalgam and the oth 
containing mercury in contact with 
of Hg and mercurous sulphate, Th 
of the vessel is then filled up with Saturated and 
solution of CdSO, Some crystals of "pso, f 
3CdSO,, 8H,O being added over the nega- e—- 
tive electrode. The vessel is then Sealed. 
The electrodes are connected to the exter- 
nal circuit through two Pt-wires Sealed at 
the bottom of the two electrodes (Fig. 
XIIT.3). 


Its emf is measured by comparison with p.d. 
an absolutely known current ( Say, Ag-coulometer). 


Shaped 
ectrode 
er arm 
a paste 
€ whole 


“=| Saturated 
CdSO4 Sole 


Paste of Hg 


CdSO, § HO 
(crystal) 


H E 
2 dy Hg) amalgam 


Fig. XIIL3 A standard cell 
(Weston Cell) 


across a standard known Tesistance carrying 
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The e.m.f. of Weston cell remains constant for a long period and has a high 
reproducibility. Its temperature coefficient is also quite small. At 20*C, 


E — 1.01845 volts and & = —0.00004 volts degree 


XIIL.3. EMF of a Cell and Free Energy Change. The chemical process occurring 
in any galvanic cell is exothermic and if the process be carried out in a beaker 

| a quantity of heat will be evolved. The same change when processed through the 
voltaic cell yields energy in the electrical form. It was formerly presumed that 
the electrical energy obtained from a cell is quantitatively equivalent to the heat 
of reaction of the chemical change occurring there in. That is, 


(heat of reaction, AH = —nJE, (electrical energy), 
_—AH 
or E= nF Spe est IL) 


| where nj is the charge associated with the transfer of a gm-mole of substance 
| deposited or liberated ; J is Faraday and E = e.m.f. of the cell. 
| This appeared to be corroborated from studies with Daniell cell, 
Zn | ZnSO, soln || CuSO, soln | Cu 
The reaction in the cell may be represented as follows : 
Cu** + Zn = Zn** + Cu (AH = —50300 cals). 
The e.m.f. of the cell is 1.09 volts, and the quantity of charge carried, when 1 gm- 
mole of zinc dissolves, is 27 (7 = 96500 coulombs). 
Hence, the electric energy output, 
njE = 2 x 96500 x 1.09 volt-coulombs 


= a calories = 50010 calories.: 


This is almost the same as the heat of the reaction, 50300 calories. Hence equation 
(XIII.1) seemed correct. 

It was Helmholtz who pointed out the fortuitous concordance of the two 
values in the case of the Daniell cell. Really, the output of the electrical energy 
Should correspond to the net available work of the process and not to the heat of 
reaction. This means that the electrical energy, 17 £, should be equivalent to the 
drop in Gibbs potential (— AG). 

Hence, — AG = nfE. . . (XIIL2) 
From the Gibbs-Helmholtz equation, we know 

ig 8(AG) 
AG = AH e T( MM 

The voltaic-cell processes are isochoric and isobaric. Hence in such cases, 
AG and AF are equal. When the cell yields the electric energy, there is a drop 
of free energy. Since AF = AG = —nJE, we have, 


0(—nJE) 
—njE = AH + al S o (XIIL3) 
, AH ðE 
Le. Ec Fete ssh so (XML) 


This relation is universally employed for the e.m.f. of a cell. The s 
: . $ t aS . ec 
9n the right-hand side which involves the temperature coefficient is pe 


to the previous relation (XIII.1). In the Daniell cell it has been found that DE 


À ; 3 oT 
almost zero. That is why the previous relation seemed satisfactory in that case 
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To illustrate ; let us take the Clarke cell, in which 


E — 1.420 and ae = —1.2x10-, at 25°C. 
The cell : Zn | ZnSO, soln || Hg,SO, | Hg 
Cell reaction : Zn + Hg;SO, = ZnSO, + 2Hg ; (heat of reaction AH = —81200 
cals) 
If we assume AH = —njJE 
«1.42 
then, HE EMI = — 65250 calories 


This differs considerably from the observed 
if we use the Gibbs-Helmholtz relation, then 
AH = —ngE + njT. ce 
t . 2x96500x 20 296500 7 (273 + 25)x (—1.2x 10-9) 
4.2 4.2 
= —81690 calories. 
Obviously, the relation (XILL.4) is the appropriate one. 


heat of reaction of the process. Now 


G 
Further, from equation (IV.65) we know AS = -[ aU ) B 
— _[ a(=njE) az IIS 
or AS = [ or IEEE: .. . (XIIL5) 


that is, we can calculate 
of the e.m.f. of the cell. 


Thus, knowledge of e.m.f. of a cell enables us to find out AS, AG and also 
AH of the chemic 


al process in the cell, for AH = — AG + TAS. 


°C, the e.m.f. of the cell 
Pb—PbCI,—HCl(m)—Ag—AgCl 


" 5 8 5 
is 0.49. volts and its temperature coefficient a = —1.8x10~ volt/degree. Calculate (a) the 
entropy-change when 1 gm. 


chloride, if the heat of form 


the entropy-change from the temperature coefficient 


Problem. At 25 


-mol of silver is deposited and (b) the heat of formation of silver- 


‘ation of lead chloride is Hppci, = —86000 cals. 
The cell reaction : $Pb + AgCl = Ag + +PbCl, 
be 1 x96500 
AG = —nfE = 732 * 0.49 = —11260 cals 
ə 2 
a A SEN (AG) 9E 96500 


COT ` "RT gz (-18x10-) = 
The heat of reaction of the chemical change, 
AH = —AG+TAS = —11260 + 298 x (—4.14) cals, 
= —12494 cals. 
This heat of reaction is the algebraic sum of the heats of formatio, 
AH = Hag + Mfpyci, — HH, — 
= 0-4 x 86000 —3 x 0 — 
or heat of formation of silver chloride, 
Hagci = —+ X 86000 — AH = 


—4.14 cals/degree. 


n of the. components ; 
Aneci j 
Hager. 


—30506 calories/mole, 
Thus far, the output of electrical energy from a cell has bee 
i n sed to 
be equal to the free energy change and the same has been A from 
experimental results. The relation AF = —njE can also be thermodynamically 
established if we proceed in the following way. In the Daniell cell, the chemical 
process is 


Zn + Cut+ — Cu + Zn 
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Now, assuming ions, molecules etc., as separate entities, let us denote their chemical 
potentials as, 


Chemical potential of Zn** ions in the metal 


Hı = 

H2 = Chemical potential of Zn** ions in the solution 
Hs = Chemical potential of Cu** ions in the metal 
Ha = Chemical potential of Cu** ions in the solution 
Hs = Chemical potential of Zn atoms in the metal 

Hs = Chemical potential of Cu atoms in the metal 
p: = Chemical potential of electrons in the Zn-metal 
pa = Chemical potential of electrons in the Cu-metal. 


Remembering that, at equilibrium, the chemical potential of any entity must be 
the same in every phase, we have : 
. Py = pa and ga = pa 
since, Zn = Znt* + 2e; Cu = Cu** + 2e 
Remembering the chemical potential of reactants and resultants at equilibrium 
as equal, we have 
Bg = qu ck 2ps = ga + 29s 
Hg = Hs + 2pg = Hs + 2ps 


Subtracting, Bs — He = Ha — pa + (2 — pg) 
or, rewriting (ke + Ho) — (Hs + pa) = — 2(pa — pg) 
That is, when the chemical change occurs, 

(Hou + Mza^*) — (uza + Hout?) = —2(uZ9 — p$") 
or Xp = —Ó2(u£» — por) 
where Ep = Presultants — Mreactants 


CREF GO ei? 
, * Cu SO, Sol" cm 


ne, 


A CC 


Fic. XIII.4 Daniell cell 


Let y; and y be the electric potentials at the zinc and copper termi 
solution. Then e.m.f. of the cell E is given by nals above the 
Gi E = hah 
since conventionally copper end is the positive terminal wherefro 
ows in the external circuit). m current 
The chemical potentials of an electron (charge —e) at the two termi 


electric potentials , and Jj; would then be, nals of 


pin = we — thes Ho? = pe — dye 
Where u? is the chemical potential at the standard state. 
io uf. — ue = —dh — do 
The p Euer vs mL mo RET. 
by m in Po eng the number of electrons transferred, may be 
al process. replaced 


So that Xp = NE 
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In the transformation of a gm-mole of the substance in the cell, we may write, 


Xp = —ngjE 
Using Gibbs'-Duhem relation, Zh = AG = AF 
Pn AG = —nfE 


The equation (XIII.2) is thus a thermodynamic requirement. . 

It is known that when a reaction occurs spontaneously AG (or A F)is negative 
and hence e.m.f. is positive (equation XIIL2). If we find ina galvanic arrangement 
e.m.f. is negative, then AG will be positive ; the reaction is not likely to occur 
Spontaneously. For example, if we have a galvanic cell arranged as 

Ag | Ag* | Zn** | Zn, 
the e.m.f. is negative (E — —1.6 volts). It can be immediately concluded that Ag 
Will not dissolve to deposit zinc. The opposite arrangement will have positive 
e.m.f. and hence negative AG. That is, zinc will spontaneously dissolve to deposit 
Ag. 
The spontaneity of a reaction can be judged from the Sign of the e.m.f. of the 

cell. The criteria are 


Cell reaction 


spontaneous 
equilibrium 
non-spontaneous 


XIIL4. EMF and Equilibrium Constant. Suppose the reaction occurring in a 
galvanic cell is represented by 


TA PA +qB = rC+sD, 
then from van’t Hoff isothe : modyiemis 
Potential change would be rm (chapter IX) we know that the thermo ynam 


M AG = — RT In K + RTEvlna . . (XIIL6) 
where K is the equilibri ep ahos a 
tants and Relea tum constant, and ‘a’ -terms denote the activities of the reac 

If all the partici i ; ; 2 ped 
1 Pants in the reaction are i tandard state, tl à ties 
would bi y n standard state, their activitie 
© unity, the standard thermodynamic potential change would be given by 


Ne CERT TK. dere (ITI 7) 


Hence AG = AG? + nx, In d ... (XIIL8) 


M of the given cell and E° the standard emf. of the 
G = . nJE 
xv a RE ? s (XILE9) 
2 = npo +. (XIILIO) 
Substituting these relations in equation (XIIL.7), we have 
nfE° = RTInK 
RI RT ! 
or ERE KS 3 = 
nF 2.303 nF log K +». (XIHLI1) 
And substituting in equation (XIIL8). 
—njE = —nFE° + RTXy Ina, 
RT 
EUER SO 
or E nF vina +. . (XIILI2) 
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2.303 RT 2.303 RT 


Also from (XIIL.11 and 12), E nj log K uy Xvloga 
.. (XIIL13) 
The quantity eg would occur very often in calculations of e.m.f. Its 
: .303 x 8.32 x 298 
value for T = 298°K is 2a = 0.059, 
(R must be taken in joules). The values of this quantity at other temperatures are : 
Temp. 0G 
2.303 RT 0.0542 
J 
0.0591 
Hence at 25°C, E? = —, los K 
0.0591 ... 
E = E°— A Ev log a 2 (XIHILIA) 
.0591 0.0591 .. 
and E= E S 2 log K = Ev log a 


These are the different forms of what is commonly known as “Nernst eu 
tion" for galvanic cells. It is evident that determination of e.m.f. would permit the 
evaluation of equilibrium constant and vice versa. 


The validity of this relation was tested experimentally first by Knupffer (1898) 
who studied the cell, 


TI(Hgz) KCNS soln || KCl soln T! (Hgz) 
satd. with TICNS || satd. with TICI 
Cell reaction : TIC! + KSCN = TiSCN + KCl 


Since solid TICI and TISCN are present, their concentrations remain constant. 
From equation (XIII.13), 


2.303 RT 2.3030 Ra 1 
p= j log K 3 log FEES T.: (since n = 1) 
2.303 RT 2.303 RT Cxens 
x log K lo 
4 pE Jj E Tka 


At 20°C, the eqm. constant (K) of the process was found to be 1.24. The en í: 

of cne onas then calculated to be 0.0051 and the e.m.f. experimentally observed 

was 0, volt io C SUCKSCN.1.52). i i 

MEO olts , (when the ratio Ckci : Cxs 32). The agreement is quite 
A few illustrations of the application of Nernst equation are gi 

í ; ; given here. , 

© The standard e.m.f. of the Daniell cell is 1.1 volts at 25°C, and the reaction 


is Zn + Cutt — Cu + Zn*t* 
E dou OA EN O s 
ano utt an (since az, = ac, = 1) 
Now Eo — RT, ge 0.0591 
nj In K — 3 log K 
y 0.0591 
1e., in iR log K, whence K = 1.7 x 1037 


At egm. az,** = 1.7 x 10 ae, e 
In other words, the reaction practically proceeds to completion. 


oo O —— wwn— 
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(ii) The equilibrium constant of the reaction H, + Cl, = 2HCI may be deter- 
mined from the e.m.f. of the cell 


H,(gas) (Pt) | HCI solution | Cl, gas (Ptr) 
H2) (Pac) Peis) 


The dilute HCI solution is in equilibrium with HCl-gas. 


At 30°C, the e.m.f. of the cell was observed to be 1.01 volts whenPgc; = 135 mm, 
and Pg, = Pa, = 620 mm. 


2.303 RT 2.303 RT ps 
e 1 HCI 
, Now E nj og K ny log «MSRP. 
njE Paci 
poe es = RT EE XPA, 


Since n = 2, T = 303°K, using the pressures given, K= 1.8 x 1032 


(iii) On the other hand from the equilibrium constant of a chemical process, 
the e.m.f. of a voltaic cell involving the corresponding reaction can be evaluated. 
For the reaction, 


Ag + Fe(ClO,), = AgCIO, + Fe(Clo,), 


the eqm. constant at 25°C was found to be 0.50 after necessary corrections with 
Debye Law. (Schumb et al). 


Let E° be the standard e.m.f. of the cell 
Ag | Agt || Fett —Fet++ (Pt). 


lt... 2305 
Sothat £° = 57 RT Fog (0.50) = 0.0591 log (0.50) = —0.017 volts 


(iv) Again, consider a cell, (Pt)H, | HCl soln | AgCl—Ag 
Cell reaction : 3H, + AgCl(s) = H+ + CI- + Ag(s) 
Theemf., E = E° — Z RT GE 
1f H;-gas be at unit pressure dH, = 1, at 25°C, 
E = E° — 0.0591 log (ag*.aq-) 
= E° — 0.0591 log (mays)? = E° — 0.1182 log may+ 


y+ can be obtained using Debye Limiting Law. Hence a determination of E Id 
enable us to evaluate E", from which eam. constant can be calculated. du 


is closed. The electrodes are usually formed by dipp; H 

and these may be classified into three broad Boer s à metal into an electrolyte 
Type I. The simplest electrodes are formed when a metal or a nO MET 

is in contact with a solution containing its own ions. Thus silver immersed in 

silver nitrate solution, copper in copper sulphate solution, are common examples 

of this type. Similarly chlorine in contact with a chloride solution or hydrogen 
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in contact with an acid solution would also function as electrodes. The electrode 
processes mray be represented as 


Ag = Agtt+e Ag/Ag* 
V Cu = Cutt +4 2e Cu/Cut+ 
4 H =H+e H/H* 

Cj" = "Cle CIG 


In the case of non-metal electrodes which are often non-conductors and 
sometimes gaseous, a special arrangement is needed for conduction. Usually a 
platinum foil or wire coated with plainum black is kept immersed in the solution 
and the non-metal gas is bubbled about it so that the Pt-black is fully saturated 
with adsorbed gas. The adsorbed molecules and their ions in solutions are thus 
brought in contact through the platinum. The Pt-black serves to establish equili- 
brium between the gas and its ions in solution and in fact faclitates electric contact. 
The electrodes are often represented as 

H,(Pt) | Ht; Gr | CI (Pt-Ir) 

In some cases of metal-metal ion electrodes, such as those of potassium, 
sodium, calcium etc., the pure metals are too active to use them in aqueous solu- 
tion of their ions. As such these are used in the form of their mercury amalgams, 
hence often called amalgam electrodes. The potentials of such electrodes would 
depend upon the activity of the metal in the amalgam used. The use of amalgam 
electrodes are often welcome in preference to the use of pure metals as equilibrium 


is attained readily and these are more readily reversible. The amalgam electrodes 
are often represented as 


Pb(Hg) = Pb** + 2e Pb(Hg)/Pb** 
K(Hg) = Kt + e€ K(Hg)/K* etc. 
Type II. A metal with one of its sparingly soluble salts in contact with a 
solution having the same anion may also form a good electrode, e.g., 
Ag | AgCl(s), KCI soln. 
Hg | Hg;Cl;(s), KCI soln. 
Pb | PbSO,(s), KSO; soln. etc. 


The electrode process is as follows. Consider the silver-silver chloride elec- 
trode. There are some silver ions in the solution though very small in view of low 
solubility of silver chloride. Hence Ag/Ag* ion system is there. As in type I, 
some silver ions will pass into solution as Ag = Agt + e. Since the solution is 
saturated with AgCl, the silver ions produced will combine with CI- ions to restore 
solubility equilibrium, Ag* + Cl- = AgCl(s). The net result is the removal of 
chloride ion. from solution with electrons transferred to the metal. - 

Ag(s) = Agt +e 
Agt + CI- = AgCl(s) 
Ag(s) + Cl- = AgCl(s) + e 
The electrode therefore is really reversible with respect to the anion i.e., Cl- ion. 
Other electrodes of this type also function in the same way. In the lead-lead 
sulphate electrode, the reaction is 
Pb(s) + SO,-- = PbSO,G) + 2 € 

A modification of the arrangement shown above is sometimes used to obtain a metal-metal 
ion reversible electrode. In such cases, a metal in contact with one of its sparingly soluble salt 
together with another insoluble salt with a common anion is placed in the solution of a salt having a 
Common cation as that of the latter salt. For example, 

Pb | PbSO,(s), SrSO,(s), SrCl solution. 


In this case when lead dissolves forming Pb** ions, the latter is immediately removed as PbSO 
To maintain the solubility product more SrSO; would dissolve and ionise. The net Process is 
Pb(s) = Pb** + 2e 
Pbt+ + SO,-- = PbSO,(s) 
SrSO,(s) = Sr + SO, 


eS Wate E Se ee d IRR 
Pb(s) + SrSO,(s) = PbSO,(s) + Sr++ + 2e 


a(s). 
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The system thus behaves as an electrode reversible with respect to Sr** ions, which otherwise is 


1 n ++ 
difficult to obtain directly. In the same way, electrodes reversible with respect to Ca** or Ba 
ions may be obtained, as 


Pb | Pb-oxalate(s), Ca-oxalate(s), CaCl, solution 
Ag | Ag;CrO,(s), BaCrO,(s), Ba(NO;), solution 


Type III. An inert metal, such as platinum, immersed in a solution containing 
a mixture of the oxidised and the reduced states of a system, constitutes an impor 
tant type of an electrode. x 3 

Thus, a Pt-wire dipped in a mixture of the solutions of Fe** and Fe*** gu 
or Sn** and Sn**-* salts, etc. will serve as a single electrode. The reactions in suc 
a case involve transfer of electrons between the oxidised and the reduced forms, e.g., 


eti Het hi-res 

Sn** = Sntt++ + 2e 

Mn*? + 4H,O0 = MnO,- + 8H* + 5e 
C,H,(OH), = C,H,O, + 2H* + 2e, etc. 
Hydroquinone Quinone 


These electrodes are often mentioned as ‘oxidation-reduction’ electrodes. 


Oxidation, in modern terminology, means liberation or giving up of electrons. 


Thus ferrous ion is oxidised to ferric ion and zinc atom is oxidised to Zn** ion, 
Cl- ion is oxidised to chlorine atom, 


Fett — Fet+++ € 
Zn — Zn** + 2e 
CI- — Cl + e, and so on. 
Reduction is the opposite process and it involves the acceptance or taking 
up of electrons, as Cu* 


i + ions are reduced to Cu atoms or Hg** ions are reduced 
to Hg* ions by taking up electrons, 


Cutt + 2e > Cu 
Hg**--e —> Hgt; etc. 


reduced states, called reductants. 1 
nsidered above are structurally different, 
but In every case, electrons are either 


liberated or taken up, the process being 
electrode therefo 


s re will involve an oxidant and a reductant. ' 
The process in the electrodes may be represented as 


Electrode Process 


Oxidant Reductant 
Type I Zu nttuoe Zn Zn 
Typ II = Ag-CI- = AgCI + e AgCl ck 
Type III Fett = Fett+ 4 e Fett+ Fett 


Hence, in any electrode, the process involved may be expressed as : 


Reductant = Oxidant + ne 
When a galvanic cell yields electrical e 
and reduction at the other. For example i 


nergy oxidation occurs at one electrode 
zine ionises at the negative electrode and 


n the Daniell cell, while it gives current, 
copper ions are deposited at the positive. 
Zn — Zn** + 2e; Cutt + 2e — Cu 

ie, Zn + Cutt > Cu + Zn** 


Hence, oxidation occurs at the zinc electrode and reduction at the copper electrode. 
This is generally true for all reversible cells. The gener 


al convention is that the 


XIIL6] ELECTROMOTIVEB FORCE : IONIC EQUILIBRIA 547 


electrode where oxidation occurs is regarded as the negative electrode and the 
electrode where reduction takes place is the positive electrode and the current 
flows from the latter to the former in the external circuit, Zn—ZnSO, solution // 
CuSO, solution—Cu. : 


Fic. XIII.4a Daniell cell 


It is the commonly adopted practice to put the negative electrode at the left while 
expressing a cell in writing. 

A metal is regarded as an assembly of metal ions and free electrons. When the metal is in 
contact with water, some metal ions enter into the liquid due to a tendency in the metal, called 
by Nernst as ‘electrolytic solution tension’. As some metal ions leave the solid, the solid becomes 
negatively charged and the solution positively. In consequence, due to electrostatic force, any 
further transference of the metal ions is prevented and the ions, attracted by the negatively charged 
metal, remain near the metal surface forming a double layer. If the metal is placed in a solution 
containing its own ions, the metal ions from the solution in virtue of their osmotic pressure may 
enter into the metal rendering its surface positively charged. Again, by attraction now, the anions 
would flock near the positively charged metal surface and form a double layer. There is thus 
always a double layer at the contact of the electrode-metal and electrolyte. Hence, a difference of 
potential exists between the metal phase and the solution phase. This potential difference in the 
half-cell is called the single electrode potential. The transfer of metal ions from the solution to 
the metal would obviously depend upon the magnitude of the electrolytic solution tension of the 
metal and the osmotic pressure. 

Due to the uncertainty of the physical significance of Nernst's electrolytic solution tension, 
the electrode potential is at present supposed to be due to the difference in the rates of two opposing 
processes, namely, the transfer of ions from the metal to the solution and the discharge of ions 
from the solution on the metal. If the rate of transfer of metaláons into solution be greater, there 
Will be excess of electrons in the metal rendering it negative, which will attract-+-ve ions forming 
à double layer. If, on the other hand, the rate of discharge of ions from the solution to the metal 
be greater than that of the opposite process, the metal would be positive and it will attract negative 
anions forming a double layer. In any case, a double layer would be formed giving rise to electrical 
potential difference, which has been called the electrode potential. Similar conditions also apply 
to the non-metal or other electrodes, 


The e.m.f. of a voltaic cell is really the algebraic sum ofthe two single electrode 
potentials. The liquid junction potential, if any, is not considered at the moment. 


XIIK.6. Single Electrode Potentials. The potential difference of the double layer 
formed at an electrode has been defined as ‘single electrode potential’. There is 
also the equilibrium existing between the ions in the solution phase and the neutral 
atoms of the solid metal phase (or amalgam or inert metal conductor). The equili- 
brium, we have seen, is really between a reductant and an oxidant. We can thus 
apply the equation (XIIL12) to the electrode System. 

(a) Let us take the zinc-zinc ion electrode, 


Zn = Zn** + 2e 
If £z, be the electrode potential of zinc immersed in a solution havi 
ions of activity dzg**, then, from equation (XIIL.12) aving zinc 


=: a. RT az_tt 
Eza = Eza n ger o RUL15) 


where £°z, is a constant and is equal to ( PREZIR K) 
nj" 


E 


, Vide equation (XIII.1 1). 
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We have simply applied the relation (XIII.12) to electrode reaction instead of the 
cell-reaction. ae has been tacitly assumed to be unity. 


Hence, ben = Eza — RE [y exin Ls. (XIILIG) 


N] Greductant 
Moreover, since az, = 1, (activity of pure zinc), we have 


fmm = £z ae dzg** aa v CX LIIS) 
When a solution having unit activity of Zn** is used, 


RT 
E VLL ES 
That is, éz is the electrode potential of the zinc electrode with the standard Zn** 


ion solution of unit activity. £°z, is called the ‘normal or standard electrode potential 
of zinc. 


za = 20 


Ina galvanic cell, there will be oxidation at one electrode by releasing electrons 
while at the other electrode reduction would occur. The potential (£) of the elec- 
trode where oxidation occurs is called the “Oxidation potential of the electrode". 
If the activity of the ion be unity then the said potential is the standard oxidation 
potential, On the other hand, the potential of the electrode, where reduction takes 
place, is termed its reduction potential. The magnitude of the reduction potential 
is equal to the oxidation potential with the sign reversed. 

In a Daniell cell, Zn | Zn** || Cu** | Cu, oxidation takes place at the zinc 
electrode and if az;^* = 1 then its standard oxidation potential is + 0.761 volts. 
But if we construct a cell with zinc and an amalgam of potassium as electrodes, 
K | K* | Zn** | Zn, reduction of Zn** would occur at the zinc electrode. With 
dz;'* = 1, the reduction potential of zinc here will be —0.761 volts. In other 
words during the passage of electricity when reduction occurs at the cathode, 
its potential would be opposite to its own oxidation potential. We shall presently 
see that all electrode potentials are assigned numerical values on the assumption 
of the potential of the standard hydrogen electrode as zero. 
ow consider the potentials of some other single electrodes. 


(b) Chlorine Electrode. Yt is an anion electrode, 
Cl- | Cu, (Pt-Ir). 

brium is Cl- = 1Ch + € 

Hence, with equation (XIII.12), 


etus n 


where the equili 


fon = Pa, Ines L goo, — RE py hoi 
Bank ci 11, TO, eductont 
The relation is the same as oi i ie ilie d 
] e given in eqn. (XIIL16). £c, is the n idati 
potential of chlorine electrode when chlorine gas A ud phate d E 
with Cl- ion solution of unit activity. ris 


(c) Silver-Silver chloride Electrode. Tn the electrode, 


Ag — AgC\(s) | KCI soln, 
the overall process at the electrode is Ag +Cl- = AgCl + 


Applying eqn. (XIIL12), £s asc, = ag-agar— RT In ase 


=e in ek 
nf dag. doy 


= £0 _ RT Aeci 
£'Ag—AgCI nj In: =en 


Uns (since a4 — 1) 


RT 
or Eag-Agcl = ÉÜ'Ag-Agci— Sa In Dorian 


y 
the same form as seen earlier in equation (XIII.16). She 
tion potential of the electrode. | 


Üreductant 


AgCi İs the normal oxida- 
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(d) Oxidation-reduction or Redox electrode : Take the electrode, 
(Pt) | Ce*** — Cet+++, 
in which the equilibrium is expressed as, 
Cer = Cettt+ te 
tht 
So from eqn. (XIILI2) — £a = Pus — T " ES 
It is thus seen that the oxidation potential of the electrode again is 


RT , oxiai 
== £0 =a -~ In S2 lant 
Éredox é redox n J 


Greductant 
Hence for all types of electrodes the oxidation potential (£) is represented as : 
£ = go — RT, Goxidant . . . (XHLIS) 


D 1f Üreduciant 
Next we may examine the relation between the electrode potentials (£) and 
the e.m.f. of the cell (E). The rule is : ` 
"The e.m. f. of a cell is the algebraic sum of the electrode potentials of the cell.” 
In every cell, oxidation occurs at the anode and reduction at the cathode. 
So, in computing the e.m.f. of the cell, take the oxidation potential of anode and the 
reduction potential of cathode. The reduction potential is the same as its oxidation 
potential with the sign changed. This is illustrated below. 
(i) Take the Daniell cell 
Zn | Zn** || Cu** | Cu 
in which zinc is anode and copper cathode ; the process is 
Zn + Cut* > Zn** + Cu. 
The e.m.f. of the cell is given by eqn. (XIII.12). 


RT zn**.dcu RT az, t+ 
y= 0 lets = 0 n 
E E n m acut*.dzpy E nj In ücy** - (X) 
The oxidation potential of zinc anode is 
RT az,tt RT 
Eza = Pu — y RT In T = £7, — ny In az,** 
The oxidation patential of copper electrode is 
RT , dcy** RT 
fou = £o. wu nj In LAT = £e — nj In acut} 
Hence the reduction potential of copper cathode is 
RT 
j Eca = [ Ecu nj In acut] 
The algebraic sum is 
E = zn + (—€cu) ' 
PURI RT 
= Pa — TA Inazy** — £o, + aF In ag, ** 
RT, aq 
= ü a — £0. c BEAN 
( Egg — E ca) nj In s 
RT , azat* 
aed AU ee es pat 
E nj In ac 
the same as in (X) above. 
The normal e.m.f. of the cell likewise is i 
Sae AO O E > the algebraic sum of the normal 


é Zoe Cu: 
Hence the e.m.f. of the cell can be computed from the electrode potentials 
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(ii) Let us consider another cell, | 
Cd | Cd** || Fe** - Fe*** (Pt) 


in which it is found that Cd is the anode and Fe** - Fe* electrode functions 
as cathode ; the reaction is 


Cd + 2Fe*** — Cd** + 2Fe 
The e.m.f. of the cell is 


2 
E = E — A n Sen ee (since aca = 1) ... (Y) | 
e 


The oxidation potential of Cd-electrode is 
RT 
éca = Eca — a7 In acat* . 


The reduction potential of redox electrode (Fet+—Fet++) is 


RT, dig 
AE Éredox emm [ Cedex = nf SS ] 


a? Fett 


Hence, E = £oa- (Eee) 


Il 


RT, apit 
éca — T Inaca** — £545. + 7 Ine 


nj G*gg t 


£0, £0 RT in aca t.a! g t 
Cd redox 7 1J dig FF 


ll 


= po RT l dca *a?pg 
a alee ce 
the same as in (Y) above. 
If 


.. , If after the numerical computation the e.m.f. of the cell is found to be negative, 
It is to be understood that the process i 
the current flows opposite way, The anod 


Purpose the refe; 
electrode, H,(Pt), 

1 atm) 
gen gas at unit press 
Solution containing H+-jon 
adsorption on Pt-black by continuous bubbi 


gas. A common laboratory arrangement of H,-electrode 
Is shown in Fig, XIII.s. The 


ised that if the acid solution has 
ity, the electrode potential 
r 


Fo 
fH, = £*g, — EL agt = -Èh dg* 
Pu. ( plitinlzod ) ARR MUS £n, p 
The potentials of other electrodes are expressed 
Fic. XIII.5 Hydrogen in reference to the normal hydrogen electrode. To 
electrode evaluate the potential of any other single electrode, it 
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is necessary to couple it with standard or normal hydrogen electrode and the 
e.m.f. of the galvanic cell is measured potentiometrically. Since the e.m.f. of the 
cell is known and equal to the algebraic sum of the two electrode potentials, of 
which £^g, is zero, the potential of the other electrode is obtained. If £z and £g, 
are the oxidation potential of the electrode and the standard potential of hydrogen 
electrode respectiely, the e.m.f. (E) of the cell will be given by the difference of 
the two, remembering that cathode potential would be negative ; i.e., 


E = £z ~ $y, 
Since a, = 0, hence E = fz 
Let us take Some examples. 
(i) Determination of electrode potential of zinc. Arrange the cell, 
Zn | H+ 
Zn dz**|| agt = 1 | Hg gas (Pt) 

in which zinc is the anode. The 
suppose E. Then 


e.m.f. of this cell measured potentiometrically is 
E= Éza TY £g, f [ez => agn azs** | —0 = Elza -2n üzg*t. 


Potentlometer 


KCl+agaragar 


Fic. XIII.6 Det. of electrode potential Zn |: Zn** 
from the e.m.f. of cell Zn | Zn** || H+ | Hs 


If the zinc sulphate solution taken has unit activity, then the measured e.m.f. 
of the cell would be the standard electrode potential of Zinc, £z,. Otherwise, 
aza the activity of the Zn** is separately measured to obtain the value of £6... j 

The potentials of other electrodes are evaluated in the same way by coupling 
with a normal hydrogen electrode. 


(b) Determination of potential of calomel electrode, 
Hg | Hg;Ch(s) — KC! solution. 
Arrange the cell as 


H, gas PY | Ht | KCI-Hg;Cl;(s) | Hg. 
ant =1 ac 


in which calomel electrode is the cathode. 
The e.m.f. E of this cellis Æ = £^g, + (— ca) 
or E = — fca 
where £c,! is the oxidation potential of the calomel 
The process at the calomel electrode is 


Hg;Cl,(s) + 2e = 2Hg + 2CI- 


electrode, 


fca = Soy — d In ata 


^ E = — Poad- Ty In ao 
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If acy, activity of the Cl- ion in the KCl solution 
used, be separately determined and E is potentiometri- 
cally measured, the standard potential of calomel 
electrode, ¿ca is known. 


In fact the use of standard H,-electrode is often 
inconvenient as considerable difficulties arise in its 
preparation. Calomel electrodes are extensively used 
as a secondary reference electrode. The calomel electro- 
des are easily prepared and these attain reversibility 
rapidly. It has been seen that its potential depends 
upon the concentration (or activity) of KCl solution 
used. Usually three standard calomel electrodes are 
used in the laboratory with saturated, 1 normal and 
0.1 normal KCI solutions. The standard electrode 


tials a a i 
Fic. XIIL7 Calomel potentials are tabled below The common form of the 
electrode electrode is shown in Fig. XIII.7. 


TABLE : THE POTENTIALS OF CALOMEL ELECTRODE AT 25°C 
Cone. of KCI 


Saturated | 1.0 N | 01 N 


Electrode potential | —0.2415 | —0.2800 |  —03358 


To illustrate : Consider the cell 


Hg | Hg,Cl(s) — KCI || Fet++—Fet+ (Pt) 
(satd.) | (a — 0.) (a = 0.02) 
in which calomel electrode is the anode, to determine the i idati 
C 1 5 potential of the oxidation- 
Ee. Pm Fe***)electrode. The e.m.f. of the cell was measured and found 
Cote volts. Now, the £c, = — 0.2415 for saturated KCl-calomel elec- 


E = fea F (~ Eao) 


“= beau [e BAT ze] 
a redox j In vum 
Tus £cu r | «s. > 0.0591 los ais | 
OSS 02415) ee eh APO DATO 
whence Stet tt pitt 3 


= — 0.771 volts. 


Thus an electrode potential c. i SENTIERS: 
electrode instead of a normal iS Se aint coupling it with a calomel 


lenoe ate ATIRO a Other Subsidiary reference 
Ag | AgCl(s), KCI (sata) , . -I° = —0.197] 
Hg | Hg.S0,(s), SO,-~ sree, S 106141 
(a = 1) i l 
Pb | PSOL G) SO a [E = +0,3505 
(a = 1) / 


In the table appended below, the standard oxidatio i i 
l , n potential 
electrodes are given. The electrodes at the top of the Table us n Bee ee 
to give up electrons. If a cell is built up with two electrodes from this list, one 
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which is above in the list will be the anode. The plus and minus signs arise as we 
have given arbitrarily a zero value to the normal H,-electrode. If we put electrode 
potential of normal H;-electrode as 2 volts, the magnitude of every other electrode- 
potential would increase by two volts. 


TABLE : STANDARD OXIDATION POTENTIALS (AT 25?C) OF SINGLE ELECTRODE (HYDROGEN SCALE) 


Electrode Electrode Reaction Electrode Potential &° (volts.) 
KIK K = Kt+e + 2.925 
Na | Nat Na = Nat+e + 2.714 
Mg | Mg** Mg = Mgtt-2e + 2.34 
Zn | Zn** Zn = Znt+ 42e -+ 0.761 
Fe | Fett Fe = Fet*++2e + 0.441 
(Pt)Cr** — Cr*** Crtt = Crtt++e + 0.410 
Cd | Cd** Cd = Cd** 4- 2e 4- 0.402 
Co | Co** Co = Cot + 2e + 0.280 
Ni | Ni** Ni = Nit++ 2e 4- 0.240 
Ag | Agl(s) / I- Ag+I- = Agl +e + 0.152 
Sn | Sn** Sn = Snt++ 2e + 0.140 
Pb | Pb** Pb = Pbtt++ 2e -+ 0.126 
(PO&H&(9) | H+ 1H; = Ht +e 0.000 
(Pt)Sn** EET Sntt = Snt+++ + 2e -- 0.15 
Ag | AgCl(s) / Cì- Ag + Cl- = AgCl +e — 0.2223 
Hg | HgCl,(s) / CI- 2Hg + 2Cl- = Hg;Cl, + 2e — 0.2680 
Cu | Cu** Cu = Cutt + 2e — 0.337 
r 2I- = I +2e — 0.535 
m —Fettt Fett = Fet++ +e — 0.771 
Ag | Agt Ag = Agt+e — 0.799 
Br; | Br- 2Br- = Br, + 2e — 1.0652 
(Pt)TI* | TI**t* Tit = TIt*t*t 4-2e — 1.250 
Au | Aut++ Au = Aut**4- 3e — 1.300 
Cl; | CI- 2Cl- = Ch 42e — 1.359 
(Pt)Ce—- — Cett++ Cettt = Cetttt +e — 1.610 


Some Simple Calculations from Electrode Potential Values. 
(i) Compute the e.m.f. of the following cells : 


(a) Pt, Fe**—Fe*** | ci- AgCI(s)—Ag 
(a=1) (a=0.1) | (a=0.001) 
(b) Ag | Ag* | Zitt | Zn 
(a=0.01) | (a = 0.1) 
RT. ag *** 
++ = gott +++ IM Fe 
(a) Éro- re! ** £go pe j In RE 
0.1 
— —0.771—0.059 log TONS —0.7120 
i RT, 1 
ÉAg-AsCI = Z'Ag-AgCI — Jj n dee 
1 
= —0.223—0.059 log jos ^ — 0.3995, 


The standard £? values are taken from tne table. Obviously Ag— AgCI electrode would be th 
anode and the spontaneous reaction is S 
Ag--Cl---Fe*** > AgCl + Fet+ 
The e.m.f. of the cell is 
E = Éag-AgCi— Ére' -Fo ^ 
= —0.3995—(—0.7120) = 0,3125 volts, 
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(b) fag = Eag — 0.059 log (.01) = —0.799 + 0.118 | 
rene toe Ost i= 0762 E0.029 į 
zn = 2 og (0. » X | 
Hence Zn-electrode will act as anode. The e.m.f. of the cell is 
++ 
ics ps oz 
2F GÀg* 
0.059 0.1 


= (Eza Eas) — 7-08 aoe i 


= (0.762+-0.799)—0.089 = 1.472 volts 
(ii) Write the cell reactions of the following cells and find out th 
reactions involved, under standard conditions. 
(a) Cd | Cd** || KCl | Hg,Cl(s)—Hg 
From the tables, £c4 = +0.402, and £o, = —0.2680 4 
Hence the spontaneous reaction would be 
Cd--2CI- + 2Hg — Cd** + Hg;Cl, 
The e.m.f. of the cell is 
E? = ÉPca—£"c, = --0402—(—0.2680) = 0.670 volts 
The free energy change AF? = —n JE? 
= —2x96500»x0.67 volt-coulombs = —129.3 x 10? joules 
(6) Pt | Ti+ — TI || Cut* | cu 
@ritintt+ = —1250, and £g, = —0.337 
Since Z'c, is higher, the copper electrode would be the anode and the cell reaction would be 
Cu + Ti+#+ > Cutt + TI 
The standard e.m.f. of the cell is 


E = ÉPos-Én*/gi** = —0337—(—1250) = 0.913 volts 
-. Free energy change AF? = —njfE* 


—2 x96500 x 0.91 
= s 3. calories e --41.95' Keala, 


e free energy changes in the 


(iii) Calculate the Standard fi 


K : Tee ener, 
after suggesting suitable ch 


S £y change and eqm. constants of the following reactions 
emical cells : 


(a) Br, + Ag = AgBr 
(5) ACh + Br- = 4Br, + CI- 
(a) 


EAs- AgBr = —0.073, 
Therefore the reaction would occur in the cel 
SUNG | Br- | Br, (Pt) 
0 


eae, = —1.0652 
1 


= EAB Op, = —0.073—(—1.0652) = 0.992 volts " 
AG = —n7E? = —96500 x 0.992 volt-coulombs = —22,9 Keals, 
ees us HT Ink = 9.959 
And si nJ "E= ——log K, at 25°C 
.992 
loggK — 4 


gosg? Whence K = 646 1018 
(b) Suitable cell for this reaction would be 
(POBr; | Br- || Ci- | Cl, @t-In) | 
The e.m.f. would be E? — £ar, — £a, 
= —1.0652—(—1.359) = 0.294 volts 


— 96500 x 0.294 : 
AF’ = — JE’ = mea em —6754 cals, 
Eo 0.294 
And log K = (055 = 0059 whence K = 1.0 x 105 at 25 C 
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(iv) It is easy to evaluate the heat of reaction, entropy-change, etc. from a study of e.m.f. 
of cells at different temperatures. Take the cell, 
Ag—AgBr(s) | KBr soln | Hg,Br,(s) | Hg 
The measured e.m.f.'s are 0.06839 at 25°C and 0.07048 at 30°C. Calculate, after stating the reaction 
involved, the values of the heat of reaction, free-energy change and entropy-change of the process. 
The reaction may be represented as 2Ag-+Hg,Br, = 2AgBr + 2Hg 


Ei = 1 [0.07048—0.06839] = 4.2 x 10-4 
dE 6500 4.2 x 10-4 
Hence AS = nf ar Ius = 19.3 eu. 
We have ako, AG = — nJE = — are = —3143 cals. 


The heat of reaction AH = AG+TAS = —3143 + 298 x 19.3 = 2808 cals. 


(v) The standard potentials for the electrodes Hg | Hgy*+ and Hg | Hg** are —0.799 and 
—0.855 volts at 25°C, Calculate the equilibrium constant for the reaction : Hg -+ Hg+ = Hg,**. 


Construct the cell, Hg | Hg;** || Hg** | Hg. 
The anodic process is 2Hg — Hg,** + 2€; £go | git = —0.799 
The cathodic process is Melgar ger tea ECP eRe Zins jHg** = —(—0.855) 
Cell reaction : Hg + Hg*t* = Hg+ E^ = +0.056 
Now Be ee p. Hp Ee 

27 ~~ apg. ang** 27 

0. 
or 0.056 — = log K, whence K = 79.07 


XIII.8. Applications of Electrode Potentials, We have seen how with the help of: 
electrode potentials and e.m.f. of cells it is possible to evaluate equilibrium constant, 
heat of reaction or free energy change of processes. 

We shall see later in studying the ionic equilibria that e.m.f. measurements 

contribute significantly in the determination of H+-ion concentrations, solubility 
products, hydrolytic constants, etc. In this section only a few general applications 
of electrode potential measurement will be illustrated. 

1. Determination of Valence of an Ion. By coupling with a reference electrode, 
let the potential (é) of an electrode be determined when the activity of the reversible 
ion in solution is d,. By repeating the measurement with a solution having activity 
15 44, suppose the e.m.f. is £,.. Then 


0.059 0.059 a. 
& = & — —— log a £y = 6 — 5 log 16 
0.059 0.059 
Subtracting s — & = —5— logo 


That is, ten-fold change in activity will produce a change of 0.059/n volts in elec- 
trode-potential. 

Rewriting n = 0.059/(€, — £) 

This has been found to hold generally in all cases. In dealing with reversible 
mercury electrodes, a ten-fold rise in the concentration of mercurous nitrate 
showed a change of 0.029 volts in the electrode potential. Hence n — 2, ie., mer 
Curous ions are bivalent Hgg**. e , 

2. Determination of Ionic Activity. From a determinat 
potential (£), the activity of the reversible ion in the electrol 
at least approximately. This is especially permissible wh 
Sparingly soluble. Let us consider the cell, 


Pb | PbSO,(5), K2SO, || KCl, Hg,Cl 
f (ony O | Hg 


The e.m.f. E of this cell is experimentally measured, which 
the oxidation potential of the Pb | PbSO,(s), K5SO, electr 


ion of the electrode 
yte may be obtained 
en the electrolyte is 


as usual is the sum of 
ode and the reduction 
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i be 
i l electrode. Since Pb | PbSO,(s), K,SO, electrode can also 
ed ue ERE decease as described earlier, the observed e.m.f. can be 
expressed as 


RT t 
E = £p + (— Ea) =. pp 27 In agy** + 0.28, at 25°C 


Or 2; n apt = E + 0.28—E 
Inserting the value of £°p, from the table, the activity of Pb** in the PbSO,-saturated 


solution of K,SO, can be obtained. 


3. Determination of Activity Coefficient. The activity coefficients can also 
be obtained from e.m.f. measurements. Let us consider the cell 


Pt | H, || HCL—AgCl(s) | Ag, 
(1 atm) (m) 


i.e., Ag-AgCl electrode coupled with a hydrogen electrode (H, passed at 1 atm.). 
The cell reaction is 


AgCl(s) + 3H, = Ag + H* + Cl- 
The e.m.f. of the cell is 


E —E'"-—- E In ag* ac 
= E? — Sh ai 


where a, is the mea: 


n activity of the hydrochloric acid. Further we can substitute 
a. by (yam)? 


where y+ is the mean activity coefficient. 


E =E -4 In (yam) 


= Eo — KZ Inm Ts In y; 
— E? — 0.118 log m — 0.118 log Ys 
Thatis, E + 0.118 log m = E? — 0.118 log y. . . . (XIILI9) 
The e.m.f. 


(E) of the cell using differe: 


very dilute Solutions where Debye-Hüc 


portional to V/m, since it is a uni-univ. 
tions of HCl, 


nt concentration of HCI is measured. For 
kel limiting law is permitted, log y+ is pro- 
alent. electrolyte. That is, at low concentra- 


E + 0.118 log m = E° — 0.118 (0.5) mt 


The quantity on the left-hand side (E+0.118 log m) is plotted against Vm and 
a linear graph is obtained at low concentrations (Fig. XI1L8). The straight line is 


extrapolated to m = 0, the intercept gives E^. 

hen an accurate value of E? is known, the 
e.m.f. values of the cell at any other concentration 
gives the mean activity coefficients (v4) from 
equation XIII.19. The method, which can be'used 
With other electrolytes also, is employed both for 
finding the normal e.m.f. or 


| e. electrode potential as 
also the mean activity coefficient. 


4. Potentiometric Titrations. Electrometric 


measurement provides a very important method 
for estimations in analytical chemistry. Different 
types of titration are carried out in presence of 


suitable electrodes and the variation of electrode 
potentials leads to the detection of the end-point 
of the reaction. The potentiometric titrations are 


a of three types: (i) Precipitation reactions 
Fic. XIII.8 Det. of activity (ii) Oxidation-reduction reactions (iii) Acid-Base 
coefficient neutralisation reactions, 


E +0118 log m 
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(i) Precipitation Reactions. As an illustration, we may consider the estimation 
of chlorides by potentiometric titration with silver nitrate solution. A known 
volume of NaCl solution is taken in a beaker in which is inserted a clean silver wire 
to act as an electrode, called ‘indicator’ electrode. From a burette the titrant 
AgNO, is added in small amounts. As silver chloride is formed there, we have a 
reversible clectrode Ag | AgCl(s) | Cl-. This is coupled with a reference electrode 
say calomel electrode, i.e., 


Ag | AgCl(s) | Cl- || calomel electrode 
The e.m.f. of the cell is given by 


RT 
E = tag — Éca = SAs 7 In dagt — Écai 


T 
à ES eee es * In aus" 


To simplify the treatment if we replace activity by concentration, then the 
approximate e.m.f. at 25*C would be 


E = constant — 0.059 log Cag* 


The solubility of AgCl is quite small, the concentration of Ag* ions in solution 
will change very slightly with the progress of the titration and hence the e.m.f. 
of the cell will change but little. But when the equivalence point is reached, even 
a drop of AgNO, added would bring about a large increase in the silver ion con- 
centration and therefore a sharp change in the e.m.f. of the cell. In other words, 
when the sharp change in e.m.f. is detected, the end-point is reached. A plot of 
emf. of the cell against the volumes of AgNO; solution added is shown in Fig. 
XI1L9a, from which the sudden change in slope is clearly noticed. The end-point 
is thus easy to detect. Jf the differential change in e.m.f. with volume be plotted 
against the volume of titre added, a still better indication of the end-point is 
obtained as in Fig. XIII.9b. This method can be easily extended to other titrations 
where precipitations occur. The indicator electrode has to be suitably chosen. 


(a) 


C.C. of titre 


€. C. of titre 


Fic. XIII.9a Potentiometric titration Fic. XIII.9b Det. of end point of titration 


(ii) Oxidation- Reduction Reactions. As an illustrative example, | i 
the titration of an acidified ferrous sulphate solution with Wh rdi 
Say a dichromate solution. A known volume of the ferrous salt solution 1 CER 
in a beaker and a Pt-wire is inserted. The titre K4Cr;O, solution ere 


burette. At any instant during the titration, we have a mixture of Fer oad poo 
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i i ire in i i i . This electrode is 
ions with a Pt-wire in it and this forms a reversible electrode. T 
coupled with a reference electrode, say a calomel electrode, to form the cell, 


Calomel electrode || Fett — Fe*** (Pt) 
Its e.m.f. would be EL aoa SEO - Born 


= boa — Pg t* gt t+ + F ho 


Replacing activity by concentration, the e.m.f. at 25°C would be 

Grants 

, Crett 

The progressive addition will cause a change in the e.m.f. of the cell as the ratio 
Cre+++/Cre++ increases, till an equilibrium is attained. The concentration of Fe** 
ions will be ultimately extremely small but not zero. If the e.m.f. of the cell is 
plotted against the titre added, the curve will show its greatest slope when the 
equivalence point is reached. From an observation of the greatest slope, i.e., 
sharp change in e.m.f., the end-pt of the reaction can be easily located. It is easily 
seen that before the end point is reached, the potentials are governed by the titrated 
system (Fe**—Fe*** system). But when equivalence point is passed and excess 
of dichromate is added, the potentials are mainly determined by the titrant system 
(Cr*^*—Cr,O;-- system). The sharpness of the e.m.f.-change will depend upon the 
difference of the standard potentials of the redox electrodes. If the standard poten- 
tials of the two systems are close enough the end-point will not be sharp. 

(iii) Acid-Base Reactions. The electrometric titration of an acid by a base 
follows the same pattern as in the other two cases just discussed. In the acid 
Solution is inserted a hydrogen electrode and this is coupled with a reference 
calomel electrode. The e.m.f. using concentration instead of activity of the cell, 

(Pt) H, | H+ || calomel electrode, is (at 25°C) 
E = £g, — £ca = (£n, — £ca) — 0.059 log Cy 
The negative of the logrithm of conc. of H+ ions is called the pH of the solution, i.e., 
— log Cg, = pH. 

Hence E = constant + 0.059 pH. 

With Successive addition of alkali, the Cy, will decrease i.e., pH or e.m.f. 
of the cell will progressively change. By measuring the e.m.f. after each addition 
and plotting it against the volume of titre added, the equivalence point can be 
detected. It is observed that e.m.f. (or pH) changes relatively slowly in the begin- 
ning, then more rapidly, and then when the equivalence point is approached there 
is a very sharp increase in the e.m.f. This helps the detection of the end-point. 
When excess alkali is added, the change in pH again is slow or the curve tapers off. 
This is thus exactly comparable to curves of potentiometric titration of precipitation ' 
reactions ^ ME RETR A. detailed qucd of this measurement will be 
made in a later on in connection with the "determinati 5 
tiometric method. POOLE By poten: 

The potentiometric method of acid-base titration is particularly advantageous 
when the given solutions are coloured and indicators are not useful. It is also 
advantageously employed in titrations of polybasic acids, or in titrations of mixtures 
of weak and strong acids. [See ‘dissociation constant of acids’. 


E = constant + 0.059 log 


XIIÍ.9. Liquid Junction Potentials : Chemical Cells with Transference. In chemical 
cells of the type, 


Zn | ZnSO, soln | CuSO, soln | Cu, 
Zn | ZnSO, soln | 0.1N KCI | HgCl,(s) | Hg, 
Cd | CdSO, soln | Fe++—Fet++ (Pt), etc. 


two different solutions come in contact. There indeed is a juncti o 
solutions from the two half-cells. The ions present on Sher side of de bru 


have a tendency to diffuse into the other side. The speeds of the different ions of. 
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the two electrotyles, even those of cations and anions of the same electrolyte, 
are different. The result is that the faster ions move across the boundary ahead 
of the slower. So one side of the boundary becomes positively charged and the 
other negatively. That is, an electrieal double layer is formed at the junction of the 
two liquids. The attraction between the two opposite. charges prevents any appre- 
ciable separation of anions from cations. At the junction of two electrolytes 
therefore exists a potential difference, called liquid junction potential (£j). Its 
magnitude depends upon the relative velocities of migration of the ions. Even 
if the same electrolyte be present in the two half-cells at different concentrations, 
the junction potential will arise due to the difference in the speeds of anions and 
cations. 

; In the treatment of chemical cells so far we have not taken into account the 
liquid junction potential (£j). The e.m.f. of the cell has been computed from the 
algebraic sum of the two single electrode potentials, ignoring the junction potential. 


The evaluation of the liquid junction potential n chemical cells is quite complicated. Planck, 
Henderson and others derived different expressions for £j, based on the speed and concentration 
of the ions. Henderson's formula for £; for electrotytes having various ions in contact is given by 


ee RT (U,—Vi)—(U,— Va) In U^5-c V^ xnl 
!7 3 Ve Y0-Wu V). EV -.. (XIIL20) 
in which Uy = uei sco t U', = uynycs tatters +... 

Vy = watut... MV = vymeyt vca... 


where u and v terms are velocities of cations, anions, n-terms are valences, and c-terms are con- 
centration of ions in one electrolyte. Similar expressions hold for U;, U n V; for the ions in the 
other solution in contact. The theoretical treatment is too involved to be discussed in this text.* 


But in the construction of the chemical cells which we have dealt with earlier, 
the liquid junction potential has actually been eliminated and thus no error has 
crept in our calculations. There are several ways of eliminating £j, but the most 
commonly used method is through the insertion of a strong solution of KCl or 
NH,NO; in between the two half-cells. This is usually mentioned as insertion of 
a "salt-bridge". These salts are chosen, for, in these the speeds of cations and 
anions are almost equal. In actual construction, the liquid terminals of the two 
half-cells may be inserted in a beaker containing a concentrated solution of KCl. 
Or a tube filled with agar-agar jelly saturated with KCl may be used to connect 
the liquids in the two half-cells as in Fig. XIIL6. — ; 

]t is tacitly assumed that Junction potential difference between KCI and Ist 
electrolyte acts in opposition to the junction potential difference between KCI 
and 2nd electrolyte and the two are almost counterbalanced, so that the effective 
liquid junction potential is practically nil. It is difficult to say how far this assump- 
tion is justified. But the empirical fact remains that the e.m.f. determined with 
the use of salt-bridge agrees well with the calculated values. The salt bridges have 
come into extensive application and are regarded conventionally to eliminate é; 
completely. Wm A. 1 

When the junction potential is eliminated, it is customary to write a cell with 
two vertical lines in between the two electrolytes, e.g., 


Zn | ZnSO, soln || CuSO; soln | Cu 
But if £j is not eliminated, only one line or preferably a dotted line is given in 
between two solutions, as VR Ra 
Zn | ZnSO, soln i CuSO, soln | Cu 
1 1 2 
Such cells are called chemical cells with transference and So, 


B=&-&+& ++. (XII.21) 


RPO dy Se 
* Physikal chem, 1907, 59, 118 ; 1908, 63, 325. 
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Where the liquid junction potential is eliminated, the cell is known as chemical 
cell without transference, so that 


E= é —& 


Chemical cells without transference may also be constructed by using a single 
electrolyte such that one electrode is reversible with respect to the cation of the 
electrolyte and the other electrode reversible with respect to the anion. Thus if 
CdSO, solution is the electrolyte one electrode should be cadmium and the other 
electrode Hg;SO,—Hg. The cell is 


Cd | CdSO, soln | Hg,SO,(s) | Hg. 
Similarly, H,(g), Pt | HCl solution | AgCl(s), Ag 
or Zn | ZnBr, solution | Hg,Br,(s) | Hg 


are examples of chemical cells without transference i.e., without liquid junction 
potential. 


CONCENTRATION CELLS 


The e.m.f. in chemical cells is a consequence of the chemical reactions occur- 
ring in the cell. But there is another type of cells in which the e.m.f. arises not due 
to any chemical reaction but due to transfer of matter from one half-cell to the 
other owing to a concentration difference. These cells are called concentration 


cells. The concentration cells are of two kinds : (1) Amalgam cells and (2) Elec- 
trolyte concentration cells. \ 


XIII.10. Amalgam Cells. In amalgam cells two like electrodes of different activities 
are dipped in the same solution of an electrolyte containing an ion of the electrode 


material. Thus if two amalgams of silver of different concentrations be in contact 
with a silver nitrate Solution, as 


Ag(Hg) AgNO, soln Ag(Hg), 
(ag = a) (dag = a) 


fedis an electrode Concentration cell. The activities of silver in the two amalgams 
are different. Since in majority of cases metals are used as electrodes and to have 


them in different activities these are taken i 
n in the form of amal 
name amalgam cells. E nrc 


Consider the cadmium amalgam cell in which the anode amalgam has an 


LORS for cadmium and the cathode amalgam has an activity a, for the same. 
Cd(Hg) CdSO, soln Cd(Hg) 
(a) (acat+) (a5) 


When current is drawn, 


n the electrode process at the anode is dis ; 
of Cd i.e., oxidation. P € is dissolution 


Cd — Cdit 42e; I m 

(a) & = Ep 3j UBL. 
At the cathode reduction occurs, i.e., 

Cd** + 2e — Cd 
(as) ? mex — [6 — nts] 
az 
The net e.m.f. of the cell is 
RT, a 


Bb ea gal as e (XHL22) 
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The net result is the transport of a gm-mol of Cd from the anode to the cathode. 
To have E as positive a, must be greater than dp, i.e., the amalgam with a higher 
concentration of Cd must act as anode. 

Although not an amalgam, electrode-concentration cells with hydrogen 
electrodes at two different pressures with a HCl-solution can be easily obtained. 
The cell is 


H,(g) (Pt) HC! soln H,(g) (Pt) 
Pu, = Pj) au" H, = Pe 
In the process of oxidation at the left electrode, 
&-- :1 in m. [Reaction : 2H, > H* + e] 
For the process of reduction at the right electrode, 
—t = a In va [Reaction : H+ + e = }H)] 
RT PE RT. P. 
F = ep e Sey et T] 
The e.m.f. of the cell, E = £ + & 7” (=) 3; "9, 


The e.m.f. depends only on the pressures of the gas at the two electrodes. For 
positive value of E, P, must be greater than Ps. That is, the electrode where the gas 
pressure is larger will be the anode of the cell. / 

Since in these cells only one electrolyte is used. There is no iiquid junction 
potential. So these are concentration cells without transference. 


XIIL.11. Electrolyte Concentration Cells. In this type of cells, the electrodes on the 
two sides are the same but they are dipped into solutions differing in the concen- 
trations of the reversible ion ; such as, 


d Ag—AgNO, soln (mı) | AgNO; soln (m;)—Ag 
2 EN (ast = dj) | (dagt = a) 

b Zn—ZnSO, soln (m ) | ZnSO, soln (m5) —Zn 
Sd " (aza** = aj) (azt = aa) etc. 


Both the electrodes in such a cell would be of the same material but the potentials 
of the two electrodes will not be the same as the concentrations (and hence the 
activities) of the reversible ions in the two solutions are not the same. 

In drawing current from such a cell the two electrodes will operate in opposi- 
tion. 1f we take the AgNO;-concentration cell, at one electrode silver will be 
deposited while silver will be dissolved in the other and the process will continue 
until the activities in the two solutions become equal. Let us denote the activities 
of Ag+ in the two solutions by 4% and də, such that d; > a,. In the natural process 
of attaining equilibrium, silver will be deposited on the electrode in the more 
concentrated solution, where, therefore, the process is one of reduction. If £ 
ud é, denote the oxidation potentials of the electrodes, then the net e.m.f. of the 
cell will be 


Since, the same metal is used in both electrodes, £? = £9 


E = — In 2 
Hence, mjam a o (XUL.23) 
Since a¿>4, E is positive. Therefore, £,— £, Le. oxidation 5 : 
the electrode in dilute solution. The current will flow in PER pides 
the electrode dipped in more concentrated solution. EIU 
36 
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When the molal concentrations and activity coefficients are denoted by the 
symbols m and y, then, 


Pe RT MoY2 

nj my 
ER ae RE pe XIIL24 
aiiis D .. . (XIIL24) 


The e.m.f. depends primarily on the concentration ratio of the two electrolytes, 
for which such cells are named concentration cells. Evidently larger is the value 


of 7, greater will be the e.m.f. The liquid junction potential has been supposed 
m; 


to be eliminated and this result is valid for a concentration cell without trans- 
ference. s 


XIII.12. Liquid Junction Potentials. When two solutions of different composition 
or concentration are brought together, a potential difference develops at the junc- 
tion. This potential difference is called the liquid junction potential. The potential 
difference arises mainly due to the unequal rates of diffusion of the ions across 
the junction. (See Sec. XIlI.9). Consider a cell of the type, 


I I 
(P)H,—HCI (cz) | HC\(c,)—H,(Pt) 
x a, | a 
in which the solution of HCl in chamber 1I at the left has a concentration Ca 
(activity a.) and in contact with it is the solution of HCI! in chamber I on the right, 
which has a concentration c; (activity a). Let us assume c,>c, and 03177 ds. 
When we consider only the electrode-potentials and ignore the liquid 


> tent 1 -junction, 
the e.m.f. of this concentration cell will be given by, (equation XIII.23). 
RT,a 
E = = hn 2 
J a 


Let us now proceed to incorporate the liquid junction potential. 
There will be diffusi 


sion of electrolytes from the soluti 


they tend to diffuse acr 
The ionic mobilit: 


ary state is thus attained, the potential difference betwee 


be measured directly. It can be calculated in the following way. 

Suppose now one faraday of electricity passes within the cell across the liquid 
junction. This will cause a transfer of t, gm-ions of H+ ion from I to II and 
t_ gm-ions of Cl- ion from II to I, where t, and t_ are 


the transference numbers 
of H+ and Cl- ions. This transfer process at the junction may be represented as : 


Hj +1Cly > Hh 4: (Cl; 
The thermodynamic potential change of the process of transfer would be 
DEUS 


a E 
AG = —RT In K + RT In 7 St 
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The value of the equilibrium constant K can be determined by making 


ant = anj = and der E Gsm = 1, when K = l, i.e., In K — Q. 
TOL 
ays We oru dci 
AG = RT In ——~+ = RT| tin € — 1t m—2 
att at yt ci 
Hf cn I í 


as dci 
Hence, AG = RT [^ n — — (1—4) diee 


H Cir 


ut am- ac 
HCl cl 
dp m: 
Hr - “cl c 
If a, and a, represent the mean activities of the two HCl solutions, then 


4 A 2 : BS: ae 
CES dg* lcz and a? — Gat ocr. Further, the ratio of individual ionic 


I 


activities may be assumed to be equal to the ratio of mean activities of the 
electrolyte, i.e., daria = daja. 


Substituting these, we have 


ai d = a 
AG RT| nnne] = Q,-1) arn 


= suf d» ULL ds 
= —(t_—t,) RD opu Uno 


where v and u are the mobilities of Cl- and H+ ions respectively. 
If £j be the liquid junction potential, then 


AG = —nji = —3t& (Since n — 1) 
v—u RT, a, 
&- Uu n 1. (XII.25) 


Since v«u and a;<a@, so £j is positive. Hence, the dilute solution side of the 
junction in this case is positive, as assumed. This will therefore oppose the direction 
of the current. T à . 

The e.m.f. of this concentration cell without transference, 


RT, d 
Ea nob 


when only the single electrode potentials are considered and the liquid junction 
potential is ignored. The liquid junction potential is opposed to this. The net 
€.m.f. of the concentration cell with transference would te 


; = RI pa v—u RT, ay 
E quU ge vrwy Ur 
“opu dj a 
Pp 
Nan U ++» (XHIL26) 


__, rhe equation (XIII.25) is valid only for the junction of soluti 
electrolyte with different concentrations and the electrolyte is dde 


Sey 


2v RT n 


ns of the same 
-univalent one. 
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In case, v — u, i.e., if we choose an electrolyte in which the ionic mobilities of the 
cation and the anion are equal, the liquid junction potential will be nil. This 
explains the choice of KCl-bridge in eliminating liquid junction potential during 
experiments, for ux* is almost equal to vcr. 


The £;-values of KCI solutions are : 
KCI (0.005M) | KCI (0.01M) — é; = —0.3 mv 
KCl (0.005M) | KCl (0.04M) — £; = —1.0 mv 


It is interesting to note that the e.m.f. depends on the transport number of 
the anion (t_), although the electrodes are reversible with respect to the cation (H+). 


_ If we take a concentration cell with electrodes reversible with respect to 
anion such as, 


Ag | AgCl(s) | BS | aS | AgCl(s) | Ag, 


ll 


ll 


following the same procedure, the e.m.f. (E) would be 


The e.m.f. would thus depend in this case on the transport number of the cation. 


XIIL.12a. Electrolyte Concentration Cells without Transference. It is sometimes 
possible to construct a concentration cell by combining two chemical cells in 
Opposition in such a way that liquid junction potential is eliminated. 


In the chemical cell, 


H,(g) (Pt) | HCl | AgCl(s) | Ag 
(1 atm) | (a) 


: RT 
the e.m.f. is E, = E? — j^" d, UA) 
The cell reaction is 3H; -+ AgCl = HCl + Ag 
a 


A. second cell of the same electrodes with a different activity of HCI, such as 


Hs(g) Pt | HCI | AgCl(s) | A 
ü atm)| (a) g o 5 


will have the e.m.f. IE TONES RT 


q 5 (s) 
The cell reaction is 3H; + AgCI = HCl + Ag 
(a5) 
The two cells may now be combined in oppositi 
ing kind would occur. Pposition such that a cell of the follow- 
RE | ^eClG) | As | ACI) | HCI | 46) (Pe 
DE uo | I | ae ny 


The e.m.f. of the combination cell will be 


RT 
E = EE = (e EL (ena) 


RT, di RT, LA 
EN mdi Bon 2. QUIL27) 
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The net cell reaction is HCl(a;) — HCl(a;) and there is no liquid junction 
otential. d 

B The cell is in fact a concentration cell. When 1 faraday of electricity is produc- 
ed, 1 mole of HCI will be transferred from one solution to the other. To have the 
e.m.f. positive, dy > a, i.e., the electrode around which electrolyte activity is less 
will act as anode. 

Other chemical cells may also be combined to produce concentration cells 
without transference, e.g., 


Cd | CdSO, soln | Hg,SO,(s) | Hg | Hg.SO,(s) | CdSO, soln | Cd 
(a) ; (a) 


XIIL.13. Application of Concentration Cells. Concentration cells have been used 
for obtaining some valuable informations. 

(d) Determination of Activity Coefficients. We have seen how activity co- 
efficient of an electrolyte can be obtained from e.m.f. of galvanic cells [Sec. 
XIIL8(3)]. Following the same procedure practically, the activity coefficient can 
be determined by using convenient concentration cells. 

Suppose the mean activity coefficient (y) of a given KCI solution (conc. 
m molal) is to be determined. The activity of the KCl solution a = my. 

Construct a concentration cell without transference by combining two gal- 
vanic cells as in the previous section using KCl solutions. The cell is 


K(Hg) | KCI solution | AgCl(s) [s AgCl(s) | KCl soln | K(Hg) 
m, a) (m', a^) 


Applying equation (XIII.27), the e.m.f. of this cell is 


, RT, a’ 

E E e ueris - . - (XIIL28) 
where E and E’ are the e.m.f.’s of the cell K(Hg) | KCI | AgCl(s) | Ag at concen- 
trations of KCl solution m and m" respectively. 

If the KCI solution used on the right-hand cell have activity equal to unity, 
the E' will be the standard e.m.f. of the cell, E°. Hence, 


1 2RT 2 
E-E’ = S pci In m — Fly 
2RT 2RT 
E Inm = E° — In 
or 3r 7 DR RN 
or, at 25°C.,  E--0.1181og m = E"—1.118log y .. . (XIIL29) 


The next step is to measure the e.m.f. E of the cell using KCI solution of differ- 
ent molal concentrations. The quantity (E+-0.118 log m) may be plotted against 
m or some function of m. The curve is then extrapolated to m = 0, At infinite 
dilution, y is unity and hence the extrapolated value gives E?. Substituting E? in 
equation (XIII.29), the value of mean activity coefficient (y) of any given concen- 
tration (m) of KCI solution is obtained. The product of (y) and (m) will also give 
the activity of the electrolyte. 


An approximate value of y is sometimes obtained from equation 


i (XIII28) in t ; 
Way. The e.m.f. of the concentration cell is measured, ) in the following 


RT a 2RT_ m'y’ 
E = — In — = — Ih — 
wee J my 
2 2RT i 
or EC ra ea E 
VALUES AES +.» (XIIL292) 


Since m'[m is known, the ratio y'/y is also known. If m’ be kept sufficie 


PETER i ntly 1 -Hü 
limiting law may be used to obtain y^. Thus, the other activity y low, the Debye-Hiickel 


coefficient y will also be known, 


SIMs nee 
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(b) Determination of Transport Number. The e.m.f. of a concentration cell 
with transference, and without transference, are 


: SERI a 
En aen o P= vues 


Hence Eye = 2t 
Thus the measurement of e.m.f. of two cells would provide the required answer. 
(c) Determination of Valence of an Jon. The measurement of e.m.f. of concen- 
tration cell is also used in obtaining the valence of anion with respect to which the 
electrodes are reversible. For example, the e.m.f. of the concentration cell, 


Hg | 0.02 m mercurous nitrate || 0.2m mercurous nitrate | Hg 


in 0.1 M HNO, (a) | in 0.1 M HNO; (a) 
is given by P= Ah z 


È she mi ie AC: 
The solutions being dilute, the ratio 2: RS a = 10, hence 
io Ca 


RT _ 0.059 
ny wn 


Since E is measured, the valence of mercurous ion (n) is known. This method has 
in effect been utilised earlier in section XIIL8, when each of the half-cells was 
balanced separately against a reference electrode. 

Determination of the Composition of Complex Ions. There exists an equi- 


librium in Solution between the complex ion and the ions (or molecules) from 
which the former is produced, e.g., 


E — (2.303) at 25°C, 


Ag(CN), = Agt + 2CN- 
Co(NH,)é** = Co*** + 6NH, etc. 


In general, MAŻ = qM+ + rA- 
So, the the equilibrium constant, called instability constant, is 


co reu 
Ky = Beon . . . (XIIL30) 


the concentration terms are used in place of activities in ord ME EE 
treatment P er to simplify the 


Bodlander (1901) used e.m.f. measurements in findin moosi 
s > m.f. out the co 
of comovlex ions. Let us illustrate the method with the exatinle of DPA ER 


ion. Take two solutions of copper ion in ia. 5 : , 
complex ion Cum(NH;)+ ion n ERU CR paion xa e 
Let Cnu, and Cyn, be concentrations of ammonia in the two solutions in SOR 
copper ion concentration are Ccu and Co, and the complex ion concentration 
Cc and Ce 


Cum(NH3)* = mCát + nNH; 
Then K = Ci + Cos = Cita, . Couns 


Cc E 


or roma. 


. (A) 
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Next construct a concentration cell with the two solutions, excluding junction 
potential, with copper electrodes dipped in them. The e.m.f. (E) of the cell is also 
measured. We know, 


= RT Gout 
E= 2j n eium 
Pa LORT Cc- Cra, 
Substituting (4), E = mJ In Co Cha SE) 


If the concentration of ammonia used in the two solutions be equal and 
relatively much larger than those of copper ions Cup, & C; Then 


NH;? 
os RES Co 
2mj In c 
When the complex ion is quite stable and ammonia is in excess, the whole of 
’ copper ion would practically be in the complex, so Cc E Cos Hence the 
Cc Cou 
measured e.m.f., 
ERL Cogs 
E= 
amy i” Cott 


The concentration of copper ions being originally known and E experimen- 
tally observed, the number of copper ions (m) in the complex is evaluated. 

In the next set. of experiments, the two solutions should contain the same 
total concentration of copper while ammonia should be present in large excess but 
at different concentrations. Again, the whole of copper ion taken would remain 
in the complex ion. Since Coyt* = Cott, so Cc = Gc i.e., concentration of 
complex ions would be equal. By substitution of this in equation (B) above, the 
observed e.m.f. would be > 


= RN In M RT; In Chn, 
2mj Chu, 2mnj' Cwm, 
As m is already known, the value of z is easily obtained. The knowledge of m 


and n gives the composition of the complex ion. The method can be extended to 
the cases of other complex ions. : 


E' 


Some Calculations : 
1. Calculate the e.m.f. of the cell, 


Zn(s) | ZnCl, Soln 
(m = 0.02 y = 0.65 
J 


This is a concentration cell without transference. The cell reactions are : 


AgCKs) | Ag | AgCl(s)| ZnCl, soln Zn(s) 


(m = 1.5, y = 0.20) 
IL 


1st compartment : Zn + 2AgCl = ZnCl, + 2Ag 
(a) 
2nd compartment: ZnCl, + 2Ag = 2AgCl + Zn 
(a2) 
Hence ZnCl, = ZnCl, 
(ag) (a) 


That is, with the passage of 2 faradays of electrical energy, 


II to I. 1 mole of ZnCl, is transferred from 
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The e.m.f. of the cell is then 


IRI AaS RTEA TORTE a; 

E = Lan In ——l y= 3 
29 alt G0 0295 ab 2E d nde. 
RT sys 


i] 


— X 2.303 log —— 
20. E ms 


1.5x0.3 


or E = 0.028 los 507 50.65 


= 0.1386 volts. 


2. The concentration cell, 
Ag | AgCIG) | KCI (0.50 N) | KxHg | KCI(0.05 N) | AgCl(s) | Ag 
has an e.m.f. —0.10740 volts. Formulate the corresponding cell with transference, for which the 
e.m.f. is found to be —0.05357 volts. Find out the transport number of Cl- ion. 
The cell with transference is 
Ag | AgCl(s) | KCI (0.50 N) | KCI (0.05 N) | AgCI(s) | ^g 
Being reversible with respect to Cl- ion, this cell has an e.m.f. 


RT 
E, = 2t, = Ina 
j ^ 
But the e.m.f. of the given cellis E= UT e 
" Wii: 
Et —0.05357 
So, —— = ——__ = 0. 
ME =o.10740 ~ 0498 
hence t_ = 1—0.498 = 0.502. 


3. Calculate the e.m.f. of the amalgam concentration cell, at 60°C, 
Zn(Hg) c | ZnSO, soln | Zn(Hg) c, 
When c, = 6.08 x 10-5 and c, = 2.28 x 10-? gm-atoms per litre. 
As arranged, c7 c,, the cell will have a negative e.m.f., or 


E= PT p 6.  8314x0734-602309 , 228x103 
2j à 2: 96500 98 Gü8xio-s — ~ 005! volts 


XIII.14. Cells in Commercial Use. 


sources for supply of electrical energy for different commercial purposes. These 


cells are of two categories primary cells and secondary cells. 
e primary cells are those in which the chemicals used up duri 
e n 1 
of energy cannot be produced back by passing current into the axhatited ball 
from external source. The used up cell cannot be rejuvenated. Dry cells used in 
torches, radio receivers, hearing aids etc., are primary cells. 
On the other hand, in the secondary cells or Storage cells or accumulators 


as these are called, the chemicals used up can be brou io 

state by charging the exhausted cell E Ani Bon PE m ACH : 
cell is thus reproduced in its original state and is again fit to supply ener. SEDE ; e 
The process can be repeated over and over again. These cells can th Me as oe 
storage of electrical acre pence the name. e used tor 

The production of electrical energy at the cost of chemic; I3 

called “discharging” of the cell. When the external Mid Ghee A D d 
into the cell to be transformed into chemical energy, the process js “ es ied 
of the cell. In storage cells, these processes must be as nearly reversible at d itle 
Theoretically speaking, other reversible galvanic cells should also behave aster e 
cells through alternate charging and discharging. The Daniell cell or the H: d 
gen-chlorine cell being reversible should function as typical storage d But 
such cells are not ideal from technical standpoint. The Daniell cell her charged 
will regenerate zinc but in a spongy form and the internal resistance is also high. 
The gas-cells though reversible are obviously unsuitable for commercial transport. 
Good accumulators are required to satisfy certain conditions : these should retain 


Some galvanic cells are commonly used as 
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the stored electrical energy without any loss for a considerable period when not 
in use ; the resistance of an accumulator must be low and its construction simple. 
The principles involved in a few commercial cells are discussed here. 

The Leclanche’ or Dry Cell. It is a primary cell in which a zinc plate is the 
negative electrode and the positive electrode is a carbon rod. The zinc plate usually 
forms the outer covering of the cell. The electrolyte is a paste of MnO., NH,Cl 
and ZnCl, and the space between the central carbon electrode and the zinc plate 
is completely filled with the paste. 

At the anode, the oxidation process is 


Zn--2Mn0,--H;O — Zn**--MnO,--20H- CIO 
and the reduction occurring at the cathode is 
2MnO;--H;O--2e — Mn,O;+20H- c e 12) 


Subsequently, secondary chemical reactions occur which consume the OH- 

and Zn** through NH,Cl as 
2NH,CI+-20H- = 2NH3+-2Cl-+2H,0 
Znt++-2NH,+2Cl- = Zn(NH3). Cl. 

The result is that the exhausted dry cell cannot be brought back to the original 
state. The e.m.f. of the cell depends upon the reactions (A) and (B). The potential 
of the cell is about 1.5 volts. 

The Lead Accumulator or Acid Storage Cell. In this cell the negative electrode . 
is lead and the positive electrode is lead with an adherent layer of PbO, on its 
surface. The electrolyte is H.SO, (Sp. gr. 1.15). The cell is 


Pb] H,SO, | PbO, (Pb) 
(Saturated 
with PbSO,) 


(i) At the negative electrode, lead dissolves to form Pb*+ ions, which then 
react with sulphate ions to be precipitated as sulphate. So, 


(a) Pb > Pb** + 2e 
(b) Pb** + SOT > PbSO,(s) 


Si) a porcum 
Pb + SO > PbSO, + 2e 
(ii) At the positive electrode, the reactions are expressed as 


(a) PbO: > Pbtt++ + 20-- 
(b) 4H* +207 > 2H,O 
(c) Pb**** + 2e = Pbt* 
(d) Pb**-- SO.— > PbSO, 


MANT SUMA. ENIM ML A 
PbO, + 4H* + SO, + 2e = PbSO, + 2H,O 


That is, the plumbic ion is reduced to Pb** ions and ultimately lead sulphate 


is formed in the cathode as well. l 
In the process when the accumulator gives current i.e., in discharging, the 
d 


net cell reaction is 
PbO, + Pb + 2H,SO. > 2PbSO, + 2H,O 


When the cell is discharged appreciably, i.e., PbSO, formed at 
the cell is charged by passing à current from an external e.m.f. Wc de gode 
chemical process, i.e.,  ' reverses the 
discharge 


PbO, + Pb + 2H;80; == 2PbSO, + 2H,0 
charge 


During charging Pb is deposited on the origin: f 
on the cathode. H;SO, is regenerated. ginal anode and PbO, is formed 
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The anode potential would be 


RT , apyt* " 
£1 = Sports — 27 m. 4 Pep" = 02 


and the cathode potential, (considering it as Pb*+/Pb2+ electrode) 


erp RE, dpp5bth 
fo = Pot vou Opt ae Epb? tpt = —1.74 
Hence, the net e.m.f. of the cell is 


: RT, a 
E = €,4(—&) = peypptt — &pytt, pptttt + 25^ Hp 


ttt 


v RT , dpy** 86-4- dpp t 
0.12+1.74+ 35" a2 = 1:86 +-0.029 log nee 
The activities of lead ions on the right-hand side depends upon the concen- 


tration of the H,SO, used. The normal value of the emf. of lead accumulator 
using H,SO, of sp. gr. 1.15 is about 2.07 volts. 


The Edison Accumulator or Alkali Storage Cell. In the Edison accumulator 
concentrated KOH solution is used as electrolyte, hence the name alkali Storage 


ae anode is a sheet of iron and the cathode a nickel plate impregnated with 
1505. 


Fe | KOH solution | Ni,O, (Ni) 
(conc.) 


The half-cell reactions are : 


(a) attheanode, Fe + Fet+ 42e 
Fett + O— = FeO 


Fe + O-- = FeO 4- 2e Ore Fe++ = 0.87 volts 


(FeO) 
(b) at the cathode, 
Ni Os — 2Ni*** + 30-- 
2Ni*** + 2e > 2Ni** ] 
2Ni** + 20-- + 2NiO 
a MAR T et 
Ni,O; + 2e = 2NiO + O-- ONittnit++ = —0.44 volts. 


This is really an oxidation-reduction electrode. 


The net cell reaction is, Fe + Ni,O, > FeO -+ 2NiO, 
takes place when the spent-up cell is charged. The oxides T 
forms but these have been shown as oxides only to simplify 

The electrode potentials are, 


The opposite change 
eally exist in hydrated 
the treatment. 


RT y RT 
é, = Peret + pore! Gpet+ ; £j = ÉNi++jNi+++ — 3 GNit +4) NIE 


. RT 
Hence E = &4(—£&) = Ferret + — Puit wp + + 25 Rt ^K X dge*- +) 


= 1.31--0.029 log adus + «(adus + X dpet +). 


It is evident that the concentration of alkali remains undisturbed, the e.m.f. 
does not materially depend upon the alkali concentration. The usual em f. is 
about 1.35 volts. 
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IONIC EQUILIBRIA 


In the pages following, we shall discuss the equilibria of ions in solution in the 
study of which measurements of e.m.f. and of conductance are most helpful. 


SOLUBILITY PRODUCT 


XILL15. Solubility Product. When a saturated solution of a salt, say AgCI, is in 
contact with the solid phase, there is the equilibrium, 
AgCl(s) = AgCl(soln) = Ag* + Cl- 


The solid is in equilibrium with the ions in solution. : j 
The thermodynamic potential change in the process of ionisation is given by 


— AG = pagt + HCI“ — HAgCIQ) 
where p-terms are chemical potentials. 
At equilibrium, at a given temperature (T), AG = 0 
HAgCKs) = HAgt + Hci- 
Le, pec) + RT In dago = Hast + RT In daagt + pèi- + RT In acı- 
(vide eqn. IV.121) 
Apgt-Aci- 
GAgCI() 
Since at a given temperature dAgci(s) is a constant, we have 


or RT In = Reci) — MAg* — pè- = Z (constant) 


z 


In (aas+ - dci) = RT 


Or dagt -aciz = La (constant) ... (XIL31) 
La is called the activity product or activity solubility product for the salt at a given 
temperature. 


Replacing activities with molar concentrations and corresponding activity 
coefficients, 
La = Cast fast - Cor foi- 
or La [Cagt . Ca-]. Jm e (XHLE32) 
If we apply this relation to saturated solutions of sparingly soluble salts, like 
AgCI, BaSO,, HgS, etc. the concentration of ions in the solution will be very low, 
and hence activity coefficient f+ will be practically unity. In such circumstances, 
Cag* - Ca- = Ls (say) ae, (XIIL.33) 


where Ls is called the solubility product of the salt. 
It means that the product of the concentrations of the ions in the saturated 
solution of a sparingly soluble salt is constant (Ls) and is the solubility product. 
Obviously, L = Ls- få <- . (XIIL34) 


The relations given in (XII.32, 33, 34) are valid for uni-univalent a 
symmetrical electrolytes. If we take a salt like Cas(PO;), in saturated EUN 
the equilibrium is A 


ll 


Ca,(PO,)2 = 3Ca** + 2PO,--- 
La = ++ X Go,-=- 
Ch x Coo =e- 


so that La = Ls X f$ 


and Ji} 


ll 
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Generally speaking for a salt ApBg, 
ApBq = pA* + qB- 
La CRE S Ct ff 


Ls x fz where v = p--q See X135) 

For a given salt at a fixed temperature, the value of the thermodynamic activity 
product La is unchangeable. The solubility product Ls will be constant in ideal 
conditions only if f4 is unity. In that case, since fg = 1, La = Ls. For ordinary 
work dealing with very sparingly soluble salts, the solutions are so dilute that f+ 
is regarded as unity, hence L; is a constant. 


ll 


ll 


XII.16. Solubility Product and Solubility. Suppose S is the solubility of the spar- 
ingly soluble salt, AgCl, in pure water expressed in gm-moles per litre. Since 
the solution is very dilute even when saturated, the salt is assumed completely dis- 
sociated and the concentrations of the ions are 


Cig tS SCS 
the solubility product, L; = S? -.. (XUI3.6) 


So, an estimation of solubility enables one to determine the solubility product. 
Similarly, for the solubility of Mg(OH),, we have 


Cugt+ = S, Cou- = 2S 
Ls = Cugt+ Côn- = S. x (2S)? = 4S3 


. . In general, if S be the solubility of a salt ApBg in pure water, which is spar- 
ingly soluble, we hav / EE i p 


and f. = 1, Then €, Ca+ = pS, Cg- = qS assuming complete dissociation 
Ls = Ch+ x Ch- = (pS)? .(qS)% = S?+4 (prqa) 
M: Ls = S" (p.ga), where v = p4-q A 
or Shes ET ) } ERT) 


by the pre- 
urating salt. 


Debye-Hückel limiting law, the i 
efficient (f+) of the Saturating salt. Hence in order to maintai 
La, Ls must increase, i.e., Solubility shall 
Increase, “Solubility product” may vary but 
the AN product remains Constant. 
cn à common ion is present, sa 

AgCl is added to a KCI solution, the 
activity (or conc.) of Cl- ion is large. The 
activity of Ag* ion should then diminish in 
order to maintain the constant value of £a. 


In other words, the solubili 1 
must diminish, imd es 


0 0:04 0:08 012 016 
Normality of added salt, Now La = Cag* Coi-.f.. But when the 


Conc. of Cl- ion already present is very 
large, the ionic Strength increases considera- 
bly, so that f} for AgCl would diminish 


Fic. XIIL10 Effect of different salts 
on the solubility of TICI 
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to a large extent. A point may be reached when Ca,-* will tend to i inspi 
of increase in Co- in order to compensate for the jc decrease in Ppa ay 
ing that La must be constant. The effect of the presence of inert Salts and of 
common ions on the solubility is shown in Fig. XHLIO. i 
It is easily seen that if to a saturated solution of a sparingly soluble salt is 
added a compound containing a common ion the former will be thrown out of 
solution. If S be the solubility of AgCl in pure water and suppose x gm-eqv. 
of KCI be added to a litre of the saturated solution. If S’ be the solubility of AgCI 
now, then, assuming KC! to be completely dissociated and fy = 1, : 


Ls = Cagt-Ca- = S' (S' Fx) 
But Le = S*; or S’ (S’ +x) = S? 
ie., ALES +2 FH PIPER "E 
2 a 4 an S 2 ct 4 + Ls 
The new solubility can thus be predicted. 
A more rigorous calculation will be as follows. 


In pure water, La = SfE 
and in KCI Solution, Lg = (S^) (S'--x)f'& 
Q5 S'S +) fh = STE 

x i WS ae 
whence sa -S4+qt (s75) 


Problem. Calculate the solubility product of silver chromate if its solubility be 2.5 x 10-2 


gms per litre. : 1 
Also find out its solubility in 0.001 M potassium chromate solution. The activity coefficients 


may be taken as unity. 


fon 2.5 x 10-2 3 
(a) Solubility of Ag;CrO, = 332 = 75x10-* moles/litre. (mol. wt. — 332) 
Assuming complete dissociation, 
Cagt = 2x75x107* Ccros=- = 7.5X 10-5 
The solubility product, Ls = CAgt- Ccroi- - = (27.5 x 1073)? (7.5 x 10-5) = 1.7 x 10-12 


(b) The conc. of Ag* in saturated solution, in presence of pot chromate, 


De AA ao TES: 
s ) Slee e 4.1 x 1075 moles/litre. 


Cast ( Cero 7 
Hence the solubility is 2.05 x 107^ moles/litre. 

_ The decrease in solubility by common ion effect is of considerable importance 
in gravimetric analysis. Suppose silver is precipitated from a solution by potassium 
chromate. If exactly equivalent amount of chromate be added, the amount of 
silver that would remain in solution (see problem above) is 1.5 10-4 moles/litre 
But if we use excess potassium chromate until its conc. is 0.001 M, the loss will 
be reduced to 4.1 x 10-5 moles/litre. That is why the precipitant is to be added i 
excess, But too much excess is to be avoided ; for in that case, the solubilit if 
Ag.CrO, may actually rise due to abnormal decrease in f+. de 
. When the addition of a common ton or an inert salt leads to a considerabl 
increase in the solubility of a salt it may be reasonably concluded that a co ik : 
lon has been formed. This happens when say NH,CI is added to saturat “are e 
Solution or KI solution is added to Hgl solution, etc. ed AgCI 


XIIL17. Determination of Solubility Product. The solubilit ; 

Soluble salts is determined either from conductivity CITAS SS t of sparingly 
of ame of suitable cells. I5 tion XIL38] measurement 
.. In chapter XIL [section 15(v), equation 15.38], we have se 

bility (S) ofa derat soluble salt is determined from fiis uoy the solu- 
ance of its saturated solution in pure water. From a knowled : ux the conduc- 
5, the solubility product Ls is immediately known with Pies of the solubility 
is a 1-1 electrolyte, then Ls = S°, as in AgCI. on (X11L37). Lf it 
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To illustrate the electrometric method for the determination of solubility 
product (Ls), we may again take the case of AgCl. In a solution of 0.1 M KCL 
(f+ = 0.77) is added a few drops of AgNO,, so that the solution is saturated with 
AgCl, and a silver wire is inserted in the solution. This can serve as a silver 
electrode, Ag/Ag*. This electrode is coupled with a 0.1 N calomel electrode. 
The e.m.f. of the cell is measured and found at 25°C to be 0.0494 volts. 


Ag | 0.1 N KCI | Hg;Cl, | Hg E = 0.0494. 
saturated with AgCl : 
The e.m.f., E = $hg — calomel 
or 0.0494 = £y, + 0.3338, 
^ whence, fag, = —0.2844 volts. 
But fag = £Ag — 0.059 log aag+, where £R, = — 0.799 
0.799 —0.2844 
or log dagt = E S 
whence dagt = 2x 107? 


The activity of Cl- ions in the solution is 0.1 x 0.77 = 0.077. 
Hence, the activity product, La = aAg* X acı- 
= 2X 10:915 0077  — SIPSAT Se 10-19 


An alternative method would be to evaluate Lg from standard electrode potentials, 


Since AgCl(s) > Agt + Cl-;  K=dagt Xag- = Ly 

If we imagine two single electrodes as 

(anode) Ag(s) — Agt +e Eig = —0.7991 

and (cathode) AgCl(s) + e — Ag(s) + Cl- €Ag-Agsct = —0.2223 


coupled, we have 
E° = ER — Rg- AgCI 
= —0.7991 + 0.2223 = — 0.5768. 


Now log K = E o; 
og 0.059 at 25°C 

i E? 0.5768 

he, loge gee) =, - 
B La 0.059 0.059? whence Lg = 1.6 x 10-1 


In the table appended below are pi ili 
] given the solubilit n 
sparingly soluble compounds and salts at ONG ini a 


We da 1 p Dias Substance Dy 
AgBr ER Fe(OH), 1x 10728 
Asl None Al(OH), 1x 10-% 
Ag;CrO, vios Cr(OH), 1x10-29 
Zn(OH), 1x1077 
SO. = 
CaSO, 21 e TA one 2107 
YR KOH), 1x107 
SrSO, 2.8 x107 Mg(OH); 6x 10-12 
PbCI 2.4.x 10-4 
PbBr, 79x10 em ur. 
Pbl, 8.7 x10- Cds Ax 10-59 
CaCO; 4.8 x 10-9 mS 4x 10-8 
CaOx 2.6 x 10-9 Cos e 
CaF, 3.2% 10-4 ZnS a Tan 
CuCl 1x10-5 NiS 1 em 
4x10 
ae "s s vm MnS 2x 10-5 
u 
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XIIL18. Application of Solubility Measurements : (a) petermination of Activity 
Coefficients. The mean activity coefficient of a slightly soluble salt can be evalua- 
ted from the study of its solubilities in solutions of different ionic strength. We 
know, the activity product for a simple uni-univalent salt, 


Iq = Lefe = Si 


where f4 is the mean activity coefficient, and S is its solubility in pure water. For 
convenience of writing the suffix + is dropped, so Lg = S?f? 


Le., f= vi . . . (XIIL38) 


Gr log S = 3 log La—log f .. . (XIIL39) 


If S' be the solubility in any solution of ionic strength (i) where the mean activity 
Coefficient of this salt is f", then 


log S’ = 4 log La—log f’ . .. (XHIA0) 


In practice, the solubility of the given sparingly soluble salt is measured in 
very dilute solutions of different concentrations of added electrolytes. The observed 
solubilities or rather their logarithms (log S^) are plotted against 4/i. The relation is 
a linear one, and when extrapolated, the value of solubility Sy at i = 0 is known. 
That is S, is the solubility when f = 1. Substituting this Sy in equation XIIL.39, 
4 log La is known. ET 

‘La being thus known, the mean activity coefficient ( f^) of the salt at any other 
solution where solubility is S’ is obtained from equation (X11I.40). 

(b) Determination of the Composition of a Gomplex Ion. The composition of a 
complex ion can also be determined from a study of solubilities [(cf. Sec.X1II.13d)]. 
Let us consider the silver ammonia complex ion and let us suppose its formula 
would be Agm (NH3)s ; m and n are to be ascertained. Now, 


Agm(NH;), = mAg* + nNHs, 
(CAES. o Cela 
The instability constant, Ki = —*8+ NH. 


where C is the concentration of the complex. 
Now suppose a solution of ammonia is saturated with AgCl. If L, be the 
solubility product of silver chloride, then Cag, X Cci- = Ls, or Cagy = Ls/Car-. 


By substitution, Ki = TOES 


When the concentration of ammonia is large, practically the whole of Agt 
will be in the complex. The concentration of chloride ion, (the same as the total 


quantity of Ag) is equal to the concentration of the complex, i.e., Coa- = C. 
L? x Chu Cyn 
Hence Ki = Emit *, Of Gmt = Constant 


By making a large number of measurement of solubility of AgCI in different 

but excess concentrations of ammonia, the ratio n/(m--1) may be determined. 
. n the next set of experiments, the solubility of silver chloride in a definite 
fixed concentration of ammonia but containing some known excess chloride ions 
Cn 


: : NH = 
1s determined. In these cases, Cn BEG: = constant. 
Giz 


If total amount of silver i.e., conc. (C) is measured in differnt values of Ca- 
m will be easily determined. : 
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Thus we can find out the value of both m and n, and the composition as well 
as the instability constant of the complex ion will be known. 


XIH.19. Solubility Product and Analysis. The routine analytical scheme of inorganic 
samples is based on the operation of discriminatory dissolution and precipitation 
of the components of a mixture with the help of suitable reagents. These are all 
governed by the principle of solubility product. 

(a) Solubility of Sparingly Soluble Salts of Weak Acids in Strong Acids. There 
are many salts of weak acids, such as Ca;(PO,),, which are insoluble in water but 
are taken into solution with HCl. 


Ca,(PO,). + 6HCl — 3CaCl, + 2H;PO, 
In a saturated solution in water, 


Che x C$o,--- = L; 


. the solubility product is low and hence solubility is quite small. Addition of a 
strong acid, i.e., H* ions, reduces the phosphate ion concentration by forming 
undissociated phosphoric acid, as 

(POj--- 4-3H* — H, PO, 

The decrease in the concentration of PO,*** ions enables more calcium phos- 
phate to go into solution to maintain the constancy of Ls. The addition of Cl- 
ions along with H+ -ions do not affect, for CaCl, salt is highly soluble and practi- 
cally fully ionised. 

. (b) Precipitation from a Solution. 'This indeed is the most important opera- 
tion in analysis to separate out a component. The solubility product is the limiting 
value of the product of ionic concentrations (C.)".(C )" in the saturated state 
when solid phase is in equilibrium with the ions in solution. When the experimental 
conditions are arbitrarily so manipulated that the ionic concentration product 
exceeds the solubility product, the law demands that some ions must be removed. 
This is achieved by the system with the formation of solid phase, which is the 
precipitate. Thus to a barium nitrate solution if ammonium sulphate is added, 
the ionic concentration product Ca. Cso,-— almost immediately exceeds Lp;so,, 
which is very low (9.2 x 10-41), Hence, the ions combine together to form the in- 
soluble barium sul 


precipitating agents for Ba++. This is the story of oth ipitati 
with in the Eri viical Schone’ his is the story of other precipitations usually met 
. (c) Precipitation of Sulphides. Yt is common knowledge that basic. radicals 
like those of Hg, Cu, Pb etc. are precipitated as sulphides in acid solution in 
Group If and those of Ni, Mn etc. are precipitated in alkaline media in Group 


IIb. It may be remembered that th i 
etc have see taney at the sulphides of the former category (Hg, Cu, 


(Zu) Ma Ni eic) pility products compared to those of the later category 
Sulphides Le Sulphides Ls 
Hgs 3 x 10-9 MnS 2 x 10315 
CuS 3 x 10-42 NiS 1.4 x 107?! 
' PbS 4 x 10-28 ZnS 1:5 10:522 


When H,S is passed into solutions containing these radicals there arises the 


question of equilibrium between metal ions and the sulphide ions. As soon as 
the ionic concentration product exceeds the corresponding solubility product, 
the sulphide is precipitated. 


It must be realised that the concentration of s 
H+ ion concentration in the solution, for 


H,S = 2H* + S--, 


ulphide ion depends on the 


i.e. Ka,s —————, 
k : Cus 
K n 
"M C- = FusX Cus. 


phate to be precipitated. The sulphate ions are therefore good * 
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where Cy,s may be taken as the solubility of H,S in water, which is about M/10 
i.e., 1071. The concentration of sulphide ion is inversely proportional to the square 
of the H* ion concentration. So in acid solutions Cs-- will be low and only those 
sulphides whose solubility product is very low shall be precipitated. 


The magnitude of Kg,s — 1 x 10-?? 
lo10:395€ 1073 1 x 10-8 
Cg C?g« 


Suppose in a normal hydrochloric acid solution we have Cu** and Mn** 
ions present whose approximate concentrations are M/10. Then in this solution 


15610535 
1? 
Then, the ionic product of Cu** and S—ions = (1 x 10)(1 x 10-29) —1 x 10-94, 


which is much larger than Lous and hence CuS will be precipitated in acid solution. 
But this value is much smaller than Lmns and hence MnS will not be precipitated. 


Cs-- 


if HS is passed, the concentration of sulphide ions, Cs-- = = 110-23, 


In alkaline solution, say with Cy+ = 10-8, the sulphide ion concentration 
1 x 10-*8 
isCg-- = a = 1 x 107. 
*. ionic product Cmn++ X Cs-- = (1 x 10-9(1 x 10-7) = 1 x 10-5. 
Since this exceeds Lynas, in alkaline medium manganese sulphide shall be 
precipitated. 


The precipitation of Fe, Al, etc. as hydroxides, is also explained in the sameway. 
(d) Use of K,CrO, as Indicator. In the estimation of a chloride by titration 
with silver nitrate solution, K,CrO, solution is added to act as an indicator. Advan- 
tage is taken of the difference in the solubility products of silver chloride and 
silver chromate. 
Lagi = Cagt-Cci- = 1 x 10-719 
Lag,cro, = CAgt-Ccro,-- = 2.5 x 10712, 


i : N 
In titration, say a x NaCl solution with a 10 AgNO, solution, potassium 


chromate is added such that its strength is approximately M/100. That is, at the 
beginning Coa- = 103, Ccro.-- = 1 ch 

When initially just a little AgNO, solution is added, say Cag+ = 10-1? then 
ionic products will be, : 
Caet-Co- = 10-9 x10-3 = 107 ;  Cås+-Ccro.-- = (10710)? x 1073 = 10-22, 
These quantities are less than the solubility products of both and hence no ppt. 
will come out. ae 

On further addition of AgNOs, say Cag+ = 107, we have Cag*.Cci- = 10-9, 
(Go TEC oa It is evident AgCI will be precipitated but not AgCrO,. 
: — When precipitation of silver chloride is just complete, the conc. of Ag* — 10-5, 
Therefore, Chet. Ccro«-- —10-2. On addition of just a little more AgNO, the conc. 
of Ag* will be large enough to cause Ionic product Cis *.Cc;o.-- exceed Las cro, 
( = 2.5x 1032) and hence Ag;CrO; will begin to precipitate with its typical 
Colour and the end point is known. Sufficient potassium chromate is to be used 
as indicator so as to produce enough silver chromate to saturate the solution and 

pecipitated. 


ACIDS AND BASES 


XIIL20. Dissociation Constant of Weak Acids. The strong acids a 

.20. s : nd b 

completely ionised in solution and as such the law of mass action cannot be sul 
applied to these. But in the case of weak acids and weak bases, the equilibrium 

Constant principle is most aptly applicable. 
37 
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In a solution of a weak acid, say HA, there is an equilibrium between the ions 
and the undissociated molecules, 
HA = HHA- 
(1—2)C aC aC 
The dissociation constant of the acid should be, in terms of activities, 
dut .aa- 


Ka = TEN 2. (XIILAIL) 


Expressing the activities in terms of concentrations and activity coefficients, 
Ka Cut . fat x Ca- . fà- BS Cut. Ca- fut fa- 


T.42 
EEN Gan i (X111.42) 

We know, from equation (XII.34), Snt Can Se 

HA 
i.e., the dissociation constant in terms of concentrations. 

, fut-fa- 

Hence, Ks — K; . TE 
But fat .fa- = f£, the mean ionic activity coefficient squared, and in solutions 


of the electrolyte of ordinary concentration fua, the activity coefficient of unionised 
acid may be taken as unity. That is, 
Ka = Kifa 2. (XHILA3) 
Taking logarithms, log Ka = log Ka + 2log fe .. . (XIILA4) 
From the Debye-Hiickel limiting law, we know, 
log fy = —0.509 z,z. Vi 
In a uni-univalent weak acid, like acetic acid, then 
I log fs = —0.509 aC 
where a is the degree of dissociation of a solution of concentration (C) of the 
acid. Substituting in (XILL.44), 
| log K, = log Ka + 1.018 V aC ... (XIIEA5) 
: In section XIL15 (ii), it has been shown that K, can easily be determined 
rom conductance measurement. Now, if K; is evaluated from conductance 
EM ERU at several low dilutions and the same be plotted against (aC), 
a did graph is obtained. Extrapolation of this line to aC = 0, will give log Ka 
and, hence Ka, the true dissociation constant (Fig. XUI.11). 


0265 


Un vo ro 30 40 
Fic. wr The variation of dissociation constant (K ‘q) for acetic acid 
ae qe es Ka and Kj is quite small, especially at low concen- 
trations, and for y purposes, the easily determined dissociation constant Ké 
is used without any appreciable error. A few of the values are given below : 1 


TABLE : THE DISSOCIATION CONSTANTS OF ACETIC ACID AT 25°C. 


[o] K'g x 105 Ka x 105 c ; : A 
141x107 1.78 1.75 earn E $ š 10 E 10 
1.03 x 10-* 1.80 1.75 5x10- 1.85 172 
241x10 1.81 175 || 934x103 133 175 
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Dissociation Constant of Weak Bases. The dissociation of weak bases, like 
ammonium hydroxide, ethylamine, aniline etc. are also treated in the same way 
as that for weak acids. 


NH,OH = NH,* + OH- 
C,H,NH; H:O = C;H;NH;* + OH- 
In general, BOH a B+ + OH- 
The equilibrium or dissociation constant of the base would be, 
apt X don- Cpg*.COH— fa*.fon- " . 
K = l =K. ah 
: ag0H CBOH Saou b Se (XII.46) 


In extremely dilute solutions f+ tends to unity, so that Ky = Kj. The true 
value of Ky is ascertained by the extrapolation method as in the case of weak 
acids (Fig. XIIL.11). ec 

Polybasic acids. The polybasic acids have more than one ionisable hydrogen 
and these ionise in successive stages. The degrees of ionisation at different stages 
are different and the dissociation constants for successive dissociation are also 
different. For example : 


HPO, = H*--H,PO, (Kg, = 7.5x10-) H,S = H+ + HS- (Ka, = 9x10-5) 
H,PO,- = H++HPO.w- (Ka, = 6.2x10-8). || HS- + H++S-- (Ka, = 1x10) 
HPO,-- = H*--PO47-- (Ka, = 4.8x10-12) = 


From the dissociation constants it is easy to find out the concentration of ions 
present in solution ; say for concentration H;PO,- ion, Curo- © aC = VEC. 
It can be shown that in a M/50 phosphoric acid solution, : 


Cau,po,- = 0.01, Curo,-- = 6 x 10-8, Cpp,--- = 3 x 10-18 


approximately, That is, even in a moderately dilute phosphoric acid solution, 
the concentration of PO," -- ions is quite small. 

Even with strong acids, like sulphuric acid, the first dissociation is practically 
complete. But in the second stage, i.e., HSO, = H+ + SO,—, it behaves as a 
comparatively weak acid having a dissociation constant value of 1 x 10-2 at 25°C. 

Common Ion E ffect. Yt is easy to see that the presence of an ion common with 
one of those produced by dissociation will depress the degree of dissociation in 
order to maintain the constancy of Ka. Thus, in the case of acetic acid, 


K à Cyt X Cac- 
HAc 


constant, Cg« must diminish ; i.e., dissociation would be less. 


; if the solution already contains Ac- ion, to maintain K? 


Example 1. A saturated solution of H,S in water is 0.1 M at 25°C. The first and second disso- 
ciation constants are 9 x 10-? and 1 x 1075 respectively. Calculate the concentrations of S-- and 


HS- ions. Mes 
Also find out the sulphide ion concentration in a 0.25 M HCI. 


Cut-Cus-/Cu,s = 9 x 107* isse) 
Cg*.Cs--[Cas- = 1 x 1075 v.s (6) 
The valué of K, the second dissociation constant is very low and hence the concentration 
of S ion is extremely small. We can thus assume Cy* = Cys~. Now Cy,s = 0.1, 


T Cut = Cys- = V9 X107 x 0.1 = 9,5 x 19-5 
Similarly, Que. = RX CH Logo 1x 19-8 
Cut 

f 9 x 10-24 

Again, multiplying (a) with (6), wehave Cs-- = —c— 
à ae 
In 0.25 M HCI, assuming complete dissociation of HCI, 
—24 
Gee © ESTIS ats or 


(.25)? 
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Thus we see, in aqueous solution, conc of H+ ion was 9.5x 10-5 and Cg-—- = 1x107*. In 
0.25 M HCI and Cs-- is reduced to 1.5 x 10-*?. 


Example 2. What is the effect of adding 0.25 gm-mole of NH,CI to a litre of 0.1 M ammo- 
nium hydroxide solution on the degree of dissociation of the base? KNg,OH = 1.8x 1075. 
In0.1 M NH,OH solution, which is a very weak base, we have, 
a = VKyjc = V18x10-5[10-71 = 0.0135 
s Con- = Cwut = 0.00135, CNH,OH = 0.0986 
Let a’ be the degree of dissociation when 0.25 gm-mole of NH,CI was added. Then 


Cynt = 025, Cou- = o'C = 0.1’, CNHOH = (1-2) CH 0.1 
since a’ is quite small. 


CNH,*.COH- 0.25 x 0.1a* 
CNH,OH = 0.1 
or a’ = 712x105, .. Com- = 72x10** 
ie., degree of dissociation is reduced from 1.35% to 0.007275. 


= 1.8x1075 


Determination of Dissociation Constants. Two methods are usually employed 
for determining the dissociation constant of weak acids. The first method is based 
on conductance which has been discussed in Section XII.15, (eqn. XII.35). 

The other method depends upon the determination of H*-ion concentration 
of solutions containing the weak acid and a salt of the same. Let us consider a 
solution of acetic acid (conc. C) also containing sodium acetate (conc. C,). Let the 
concentration of hydrogen ion in the solution be Cg*. Then, 


conc. of unionised acid, HAc = C—Cy+ 
conc. of acetate ion = C, + Cyt 


Hence dissociation constant, Ka’ = atge 


A measurement of Cy+ will thus enable us to find out the dissociation constant 
as both C and C, are known. In a later section, the different methods for determin- 
ing hydrogen ion concentrations will be discussed. The ionisation constants of 
weak bases are also determined in the same way. 


The dissociation constants of acid: i 
I s and bases are often expressed in terms of 
logarithms called pK-values, where, p 


PKa= —log K,, pK» = —log Ko . . . (XII.47) 


the DEOD onani of Weak Dibasic Acids. A few words may be mentioned also about 
atesa at dibasic acids. From organic dibasic acids, first only one hydrogen disso- 
pee pue und it follows the dilution law. The dissociation of the second 

b; place with considerable di " 
two-stage dissociations are erable difficulty and only at very low concentrations. The 

H,À = H+ + HA- and HA- = H+ + A-- 
So, the two dissociation constants are, 

Cut . Cua- : 
K, = -H^- HAT Cyt .Ca-- 
j CH,A TEO) K,— UL NO 
The value of K; can be easily obtained from conductance measurement at ordinary concentrations. 


For determining K;, let us take a solution of the acid ; - 
salt BAH . C. E 
bria are present : at conc. C. The following equili 


BAH = Bt + HA- 


aang d 

HA- = Ht + A~- orn (n 

H+ + HA- = HAA <. Gil) 

2HA- = H,A + A-- - + @) 
In a dilute solution, when conc. of acid salt and neutral salt are negligible, we have. NT 

C = Ca-- + Cpa- + CHA i j ESO) 
and also from (ii) and (i), Ca-~ = Cy+ + Cm,a ARI, 
from (c) and (d), Cga- = C + Cyt —2€4-- PER) 
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From equation (5) 


or 


From equations (a) and (4), 


In (6) on substitution, 
or 
Substituting in (f), ` 


When Cg: is low, 


Cut 


Cue 
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Cone See ASS EC Gay DC. 
HA X; + Cyt — 2C4. 
.CA-- = KC KC — 2K.CA-- 
Caa- = KiCa-- — Ki Cu+ 
Cy+ 
Gate Ca= — KiCA-- — Ki Guy 
Ky Cy+ 
Coos KiKiCg- 
KiK, — Cyr 
K,—- UG tct Cgs]Cpn 
KC — Cyt) 
K= (Kı + C)Ch* 
KC 
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6p) 
- (g) 


- (A) 


-© 


0) 


By measuring Kı conductometrically, and determining Cy, ofacidsaltsolution potentiometri 
K, is evaluated with the help of the relation (j). CUP 


TABLE : DISSOCIATION CONSTANTS OF ACIDS AND BASES AT 25°C 


Acid| Base Formula Ka pKa 
Formic KCOOH 1.77 x 107* 3.75 
Acetic CH,COOH 1.8 x 10-5 4.75 
Phenylacetic C,H,CH,COOH 4.8 x 10-5 431 
O-Chloro benzoic C4,H,CI.COOH 1.2x 10-73 2.92 
Benzoic C,H,COOH 6.4 x 1075 42 
Phenol CHOH 1.2x 10-19 9.92 
Hydrocyanic HCN 72x10-1 9.14 
Todic HIO, 1.7x 10-2 0.77 
K, = = 
Adipic C.H,(COOH), T seedy, 443 
en ES 
Ki 6; 5 
- emoem, (E cie | dn 
A K, = 9 -8 Š 
Hydrogen sulphide H,S le ae ee eae 
: Ki = 43x10-77 : 
Carbonic H3CO; e 22/576 d ic 
K, = 59x10-: 1 
Oxalic (COOH), 3 r8 Ü 1.23 
Boric H3BO; K, = 5.8x10-1 9.24 
Kı = 7.5x10-3 242 
| Phosphoric HPO, ie = 62x10-5 72 
K, — 5 x10-18 12. 
| Kı = 92x10 x 
Citric C,H;.(COOH)s fx: = 2.69 x 10-5 m 
Ks = 14x10-5 2 
Ammonium hydroxide NH,OH 1.8 x 10-5 
Silver hydroxide AgOH 1.1 10-4 15 
Methyl amine CH;NH: 4.38 x 10-4 e 
Ethyl amine C,H;NH2 4.6 x 10-4 35 
Pyridine CHN 1.4x10-» 3:34 
Aniline A C,H;NH; 4.0 x 10-19 8.85 
Quinoline C,H;N 6x 10-10 ay 
22 
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XIIL21. Ionic Product of Water. In the pure state, water is dissociated to a very 
small extent and behaves as a weak electrolyte. The equilibrium constant of the 
dissociation, HO = H+ + OH-, is given by, 


pg X Aon- 
K=% oH 


. . . (XIILA8) 
44,0 
In the pure state or in dilute solution, the activity of water, dg,o is constant and 
is taken as unity. Hence 
ay+ X dop- = Kw JC XC (XIII.49) 


The constant Kw is called the ionic activity product of water. , 
Replacing activities with concentrations and activity coefficients, 


Kw = Cu+ far. Con- fou- = Cm. Con- far. fon- 
(Re Kor Kw = Kw’ . far fou- . . . (XIIL50) 
where Kw' = Cr+ Con-, called ionic product of water. ves (0,400 51) 


In pure water or in dilute solutions, the activity Coefficients fr and fon- are 
almost unity, and so Ky & Kw’. That is, no appreciable error is involved in accep- 


ting ionic product of water as its ionic activity product. In concentrated solutions 
Kw' varies considerably but Kw remains constant, at any given temperature. 
It has been seen 


. in Sec. XIL15 (iii), that at 25°C, the concentration of Ht 
ions in pure water is 1 x 10-7. Since Cr+ = Con- in pure water, therefore 
Kw' = Cm. Con- = (110-7)? = 1x10-4 

The equation (XIII.51) really suggests that in an aqueous medium, the product 
of the concentrations of H+ and OH- should be constant. If we are dealing, not 
with pure water, but a dilute aqueous solution, this relation is still valid. In an 
acid solution, there is a preponderance of H* ions but nevertheless there would 
be some OH- ions, and the product of the two concentrations would be 1 x 10-4 
at 25°C. Similarly in alkali solutions, there exist some H+ ions. For example, in 
a M/100 HCI solution, 


Cons GC, Kio! 1x1024 
Copan ONE SCH Ri, = = mo 
E i Cu+ Cpu 1x10-? 110 
etermination of Ionic Prod, t 
The yao pa: Tro uct of Water. (a) From Conductance Measurement. 


; water can be obtai i ivi 
of dr Share par been shown MEO LOL Tw x qus acne T 
-m.J. Method. The ionic product of water can be derived very accuratel 
from measurement of e,m f. of some suitable galvanic cells, such as » j 
(Pt) H, KOH KCI | AgCI(s) Ag 
e v atm) (m) (m) | 
in which the cell reaction is, AgC| m 
So that its e.m.f., SOUS) + 3H, M ET aes 
YO) E? — RU. Tag(s) - AH+. Aci- 
Gages) xah, 
Lg, à 
3 4g*.üci- (since ay, = Gascl = ap, = 1) 


ERE RT, Kw.aci- 


A 
n. ge c RT mci- LAT, Yor 
J mon- J — yom- 
RT, mo- RT 
E— E? 4+- lı Si SS M, Yä- 
or 1 dE F A 7 In Ky In rE 


The value of E° is 0.2224 volts at 25°C. 
The e.m f. E of the cell is measured using various dilute solutions of KCl and 
KOH, i.e., with different low values of mc- and mog-. The left-hand side of this 
equation is then plotted against the ratio of the ionic strength of the KCl and KOH 


A 
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jun T lati Winnitediliti fü Tati A 
solutions used. e curve on extrapo o Infinite dilution of the solution, Le., 
Zero 1onic strength (where y CIza JOH unity), gives the value of — Er I 

F n Kw. 


The value of Kw was thus found to be 1.008 x 10-4 at 25°C 
The ionic activity product (Kw) of water at different temperatures are. 
9 


Temp. (°C) 0° 182 25° 40° ~ 
Ky x10* 0.114 0.578 1.008 2.919 d 
The value of Kw is sometimes expressed in its logarithmic form, such that 
pKw = —log Kw 2 52) 


At 25°C, pK» = —log (1 x 10-4) = 14 
Strong acids and strong alkalis as well as salts in di ; 
completely dissociated. Hence, the neutralisation S rte eolo are taken as 
alkali may be represented as : g with a strong 
HA + BOH = BA + H,O 
or Ht + A-7 4- B* + OH- = B+ + A- + H,O 
or H+ + OH- = H,O 
In other words, neutralisation of strong acids with st is wi A 
of H* ion with OH- ion irrespective of the nature of si ps hys i ejüeunion 
independent of B+ ions and A~ ions. Hence in any such EE NETS usd i.e., 
acid—strong base, the heat of reaction should be the same. This has ie of strong 
experimentally observed. The constant heat of reaction of a stron Gs ually been 
strong acid is —13690 calories at 20°C. (see Sec. IV.18 E). E bese ye 
If the ionic product of water at T, and T, tem 
then using van't Hoff isochore, we Raves : peratures are Ky, and Kwo, 
1 Kw, | AH (T2-Ty 
E 


TARENTE Ta 
where AZ is the heat of ionisation of water. 
At 20°C, Kw: = 0.681 X 10-14, and at 30°C, Kw, = 1.468 x 10-4 
1.468 |. AH 10 ‘ 
hence log ggg = 2x 2.303" Q93 x 303) 
or AH = 13.6 kilocals. 
When a weak acid (say, CH. COOH) is neutralised by an alkali ; 
is less, for the process is different, f ali, the heat of reaction 
CH,COOH + Nat + OH- = CH;COO- + Nat + H,O 
or CH,COOH + OH- = CH,COO- + H,O à 


Since the neutralisation here is not really H* and OH- reactio 
change is different and would depend on the nature of the d Ludo the enthalpy- 


lr 


XIIL22. pH and pOH. In acid solutions the concentrati 

A " xD o ; ` 
and in alkaline solutions low. Sorensen suggested a new (SER ion are high 
concentration of H* ions in logarithmic form so that negative ex expressing this 
dispensed with. The negative of the logarithm of H* ion acti xponents could be 
pH; lvity was defined as 


: pH = -logan* 

ie., ag* = 10- - » (XIIES3) 

When the solution is very dilute, ag* = Cu’, J PH = log s E » CCHIS4) 
Hu 


Now for i = E 495 
C 10-5. a solution of pH 3, CH 107? and for a solution of pH 8 
I 2 
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In the same way, the activity (or concentration in dilute state) of OH- ions is 
expressed in pOH scale, defined as 


pOH = —log aog- .4 . (XIILS55) 
or dog = 10P0H .. . (XIIL56) 
Now dg*.dog- = Ky 
or —logag* — log aog- = —log Ky = pK, 
or pH + pOH = pKy = constant . . . (XIIL57) 
That is, as pH increases, pOH must decrease aná vice versa. 
In pure water, which is neutral, Cut = Cog- = 10-7 i.e., pH of water is 7. 


Hence, the neutral solution has a pH = 7. Any solution having pH lower 
than seven will be acid and a solution hav 


ing pH above seven will be alkaline. 
Thus at 25°C, pH of 0.00001 KOH will be 9.0, for 
Kw iG rig orte 
~ Cou. 10-5 T EMD. RA. 


XIIL.23. Generalised Concept of Acids and Bases. It would be useful now to men- 
tion briefly the modern ideas about acids and bases. Our general idea regarding 
acids and bases is based on Arrhenius concept in which an acid is defined as a 
compound which yields H+ ions in aqueous solution and a base is a compound 
yielding OH- ions in aqueous solution. Further, neutralisation of an acid with a 
base is really the union of H* and OH- ions to form the solvent, water. 

. „This definition though very useful in understanding acid-base reactions has 
its limitations. For example, reactions illustrated below are certainly neutralisation 
Teactions producing the solvent and salt and yet no H* or OH- ion is involved : 


: r 1 n imortant role in the 
ES of acid-base properties. 

n » -Owry and Brónsted advanced the i i 
bases. According ce protonic concept for acids and 


A = H* -- B 
where A is the acid and B iis conjugate base. To function as acid, it mus 
a Fi . t have the 
corresponding conjugate base. A base must also have its conjugate acid. P 
Acid = Proton + Conjugate base 
HAc = H+ + Ac- 
Acids and bases may be neutral molecules or ions. A few exa: 


mples are cited : 

Acid = Proton + Base 

HC e Ht +c 

NHj = Ht + NH, 

HCOg = “Ht HECO: 

H,O = Ht + OH- 

HPO; = Ht + PO;- 
Cr(H,0)}++ = H+ "E 


Cr(H,0),0H etc. 

The free proton is not likely to occur in solution. In water, the proton unites 
with a water molecule producing H3O*, hydronium ion. In some other solvents 
also, proton associates with the solvent such as, CH,COOH, 


5 * (in glacial acetic 
acid), NH,* ion (in liq. ammonia), CHCH;OH;* (in alcohol), etc. 
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In this text elsewhere, in treating the dissociation of acids, H+ ion has been 
used as such for simplicity in writing equations, although properly H3O* should 
have been used. 

Water does function both as an acid and as a base. Water acts as an acid in 
presence of a base stronger than itself e.g., ammonia ; it gives protons to ammonia. 


NH, + H,O — NH,* + OH- 


But in presence of acids stronger than itself water behaves as a base accepting a 


proton, 
HSO,- + HO — H,O+ + SO,- 


There are some other solvents which also play similar dualistic role in acid-base 
equilibria. Y 3 1 

An acid will function as such only when it is in contact with some base i.e. 
a proton acceptor. The base may be the solvent molecule as well. In other words, 
the acidic function will be manifest in presence of a solvent (S) with basic properties, 


such as, 
HA +S = SH+ + A- 


In fact both S and A- tend to accept the proton. The degree of acidity depends 
upon the relative capabilities of S and A- in accepting the proton. An acid is 
strong when the tendency of the anion A- to accept a proton is less than that of 
the solvent S, as in HCl. And the acid will be weak when the anion A- is quite 
keen to accept the proton as in acetic acid. In the same way a strong base is one 
having greater tendency to accept protons than the solvent molecules. 

It is obvious that solvent would affect the acid-base character of a substance 
profoundly. From this point the solvents may be of four types : 


Solvent Character Examples 
(a) protophyllic tendency to accept protons NH;, NH,OH, RNH,, etc. 
(b) protogenic tendency to release protons H,SO, HAc, HCOOH, HF, etc, 
(c) amphiprotic capable of both losing and 
gaining protons H;O, CH;OH, etc. 
(d) aprotic no tendency either to lose or 
gain protons CHo, CC, CHCl, etc. 


Thus, HNO, acts as an acid in aqueous media losing a proton. But it behaves as 
a base by accepting a proton 1n anhydrous HF. ; 


HNO, + HF — H,NO,* + F- 


Again urea behaves as an acid in liq. ammonia but as a base in anhydrous formic 


acid, 
NH,CONH, + NH; > NH,CONH- + NH,* 


NH,CONH; + HCOOH — NH;,CONH;* + HCOO- 
the interaction between an acid (HA) and a base (H,O) 
2 


nother acid (H,O*) conjugate to the 
This is generally true. base and a base 


It is also evident that 
leads to the formation of a 
(A^) conjugate to the acid. 


Acid, + Bases, = Acid, + Base, 

bases acid, + base, 

2 H,O+ + Ac- 

= H,0* + CI- 

HOt + NH, = NH,* + H,O 

HO +H,0 e HO* + OH- 

HO + CN = HCN + OH- 

NH.t + CH,COO- = CH,COOH + NH, etc. 


such as, acid; 
HAc + H:0 
HCI + H:0 
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The beauty of the Lowry Brönsted theory lies in the fact that it contains all 
effects of Arrhenius concept and further extends to include and explain other 


types of acid-base equilibria even in non-aqueous media. A consideration of the 
dissociation constant will be more revealing. 


Suppose we have an acid (HA) in aqueous medium, 


HA +H,O = H,O++A-, then K, = 0+. la- 


AHA 
Since the whole of proton is present as H3O*, we may write 
Ka Ls ay+.da- 
AHA 
This is the same as the conventional dissociation constant. That is, Lowry-Brónsted 
concept gives the same result. 


Again, suppose a base B is taken in aqueous medium, 


B +H,O = BH+ + OH-, so Ky = Sent Con 


In the classical fashion, we write, B -+ H,O = BOH = BH* + OH- 


or Ky! = ZBH*.onH- _ fut . don- 
poH ag 
for whole of unreacted B is present as BOH. 
Hence, the conventional dissociation constant and the Lowry-Brönsted Ko 
are the same. 


Moreover, 


M suppose ZH is a solvent amphiprotic in character. i i 
an acid and its PP paip. cter. Its reaction with 


conjugate base would be as follows. 


ZH +HA = ZH + A7; Ka = t Xa 


GzH . AHA 
A-+ZH = Z- + HA Ky = 2z-.UBA 
Gzu.d - 
Hence Ka Ky — dms =~ 
ain 
But azy, activity of pure solvent is unity, hence 
azm,+t .az- = KaKo = Kj, 
called ionic product of the solvent. In water, 
Ka.Ky = an,o+. aon- = ay+ . don- = Ky. 


We have already seen Kw is a constant. 


A more general theory for acids was advanced by Lewis on th ; 
theory of valence. According to Lewis, an acid is a substance esc 
radical) which would readily accept a lone pair of electrons from a donor substance, 
which would be the base. Acid is thus an electron-pair acceptor and base is à 
donor of electron pair. Thus, the reaction, 


j : yu ion, Et,N + BCl, — EtN: BCls 
is definitely an acid-base neutralisation reaction 


7 : ; í which can be followed with an 
indicator in chlorobenzene solution. There is no proton, nor any OH group. 
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„It is thus seen that neutralisation virtually means the formation of a co- 
ordinate linkage. To illustrate : 


acid base 
H* T :OH- >  H:0:H 
Ht + S: H- c H:S:H 
e eae >  H:8: + OH- 


SO, EL CaO —  Ca0:80, 


This theory covers all acids of the protonic concept and other substances too. 
The acidic properties of non-metallic oxides and the basic properties of metal 
oxides are also explained. 


XIIL.24. Determination of pH or H* ion Concentration. The concentration of H* 
ions of a solution can be determined from conductance measurement when the 
solution contains only a weak acid or weak alkali as solute. This has been illus- 
trated in the previous chapter. We shall see in a subsequent section the colorimetric 
method for the determination of pH in which the colour of the solution with a 
suitable indicator is compared to that produced by a buffer solution of known pH. 
"The most accurate method of ascertaining the pH of a solution depends on e.m.f. 
measurement. The given solution is made the electrolyte of a half-cell such that 
its potential is governed by the H* ion concentration of the solution. This half-cell 
is then coupled with a reference electrode and the e.m.f. of the cell is measured 
potentiometrically. Three different types of half-cells or single electrodes are 
commonly used and we may consider these separately. Mu 

(a) Hydrogen Electrode. An arrangement, as shown in Fig. XIII.12, is made 
in which the solution whose pH is to be determined is taken in a pyrex vessel 


Bridge 


KCI Sola 


Fic. XIII.12 Determination of pH 


Provided with a lid. Through the E. ie introduced a z wi 
With Pt-black and kept immersed in the ution. Pure H.-gas at 1 atmos 
is continuously bubbled so that the Pt-black and the solution are PUES 
at eqm. Precautions are essential to ensure that external atmospheric silos QD 
Lot diffuse into the system. The temperature is maintained constant by placing 


re carrying Pt-foil coated 
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it in a thermostat. It is thus a hydrogen electrode ; and if ag* is the activity of 
hydrogen ions in the given solution then its electrode potential would be, 
T RT : 
fg, = éh, — ST Gg. = — J In ag, (since £&, = 0) 
This half-cell is now coupled with a reference electrode, say a saturated 


` calomel electrode (éca = —0.242 volts), through a KCI bridge so that junction 
potential is eliminated. If E is the measured e.m.f. of the cell, then, 


E = fg, — éca (és containing their own signs) 


RT 
= — -> ln apt — 
7 nH — Éca 


— éca + 2.303 T pH (for—logag* = pH) 


2» HE ar Eca) "a E+ cat o 
12 PH = “9303 RT = 70053 (at 25°C) 


., The pH of the solution can thus be evaluated. The hydrogen electrode is not 
Suitable when the solution contains an oxidising agent or ions of nobler metals 
(e.8., Cu, Ag. etc), or unsaturated organic compounds. 

(6) Quinhydrone Electrode. Quinhydrone is an equimolecular compound 


of quinone and hydroquinone and when placed in a solution, the equilibrium 
may be represented as 


C,H,(OH), = C,H,O, + 2H* + 2e 
This is indeed an oxidation-reduction system and if a Pt-wire is 
tedox single-electrode is formed. Writing ‘Q’ for C,H40,, we have 
QH, = Q + 2H* + 2e 


The equilibrium evidently d 
of the singl e potat 


dipped in it, a 


e ends upon the H+ ion concentration. The e.m.f. 
€ electrode potential is given by 


fo = a-a 


= & — m nee ohn ag* 
In practice by keeping the solution saturated with quinhydrone, the ratio xx is 
maintained constant at unity, so that the electrode potential is 
fo = & — F 


The potential therefore depends upon the H+ ion activity. The value £? is deter- 
mined with a solution of known H* ion concentration by measuring e.m f. after 


coupling with a standard half-cell. £» is taken as 0.699 volts at 25? i - 
trode is then coupled with a calomel electrode (éca) and the emf, Bi ie S 


In dg* 


is measured. he cell (E) 
RT 
E-du-[68- F har] = feu — ta + 2.303 F logan 
RT 


or — 2.303 7 log an* = éca — £8 — E 


pH = fca — £d — E 


ca 2.303 RTF . . . (XIILS8) 
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To the solution in a beaker is added a small quantit i 
per 100 c.c. ) and stirred well to ensure saturation A ais ore bene es 
X pe in the MES am E one half-cell which is Goadected A 
ridge (an inverted U-tube fille with KCIl- j T 
keep T Cl-agar jelly) to the reference calomel 


Hg | HgCl,(s) | Satd. KCI soln || Q, QH, satd. unknown soln | Pt. 


The e.m.f. (E) is measured and then pH is evaluated from equati 
The quinhydrone electrode has many advantages ecu ia Ar d 
Its simplicity and quick attainment of reversible equilibrium are of utmost i SR 
tance. A. small quantity of solution is sufficient and air need not be Ed 
It can also be used in presence of heavier ions or unsaturated organic Pubs Em 
where hydrogen electrode cannot be applied. But quinhydrone aeck oier eat 
be ues anle solutions above pH, 8.5. es cannot 
c ass Electrode. The most commonly used electrode uan 
now-a-days is the glass electrode. Haber and vedi dise 
thin glass membrane separates two solutions a potential is developed Ke A 
membrane. The magnitude of this membrane potential depends chiefly on ae ane 
of the solutions. If one of the solutions be kept constant and the pH of th site 
solution varied, then the electrode potential follows the relation. SONOS 
o ORE 
= =E T dat 
£g — £ 3 dg SUA 


That means the electrode functions in the same way as a hydro 

The glass electrode consists ofa thin membrane of 2 sp ee 1 : 
glass globe containing a dilute solution of hydrochloric acid (or KCI-+-CH. COOH t 
in which is immersed Ag— AgCl electrode. That is, the electrode is : » 

Ag—AgCl(s) | 0.1 N HC! | Glass | unknown solution (ag*) 
The electrode potential of this half cell is given in eqn. (4) above, in which £ 
includes a small ‘asymmetry potential" which exists across the glass membrane d 
to internal strain. When this electrode is coupled with a reference electrode, say a 
Ag —AgCl or a calomel electrode, the cell obtained is, » Say 
Ag-—AgCKs) | 0.1 N HCI | Glass | unknown soln | satd. calomel electrode. 


The e.m.f. of this cell is 
o, R 
E = £g — feu = £6 + 2.303 7 pH San 


s electrode is first used with a solution of k 
This solution is then substituted with ieu es 


RT 
AE = Ey — E = 2308 a7 (pHa) — pH) 


In practice, the assembly of glas 
say pHo), and its e.m.f. is E. 


solution. So that, 


It is thus immaterial what reference 
electrode is employed provided the same 
is used in both the measurements. 

The glass electrode and the reference 
electrode are suspended in the given solu- 
tion as shown in Fig. XIIL.13 and the e.m.f. 
of the cell measured with an electronic 
ntiometer cannot 
be used due to the very high resistance > 
vantage of the 
be used in any 


compounds or oxidising or T€ 
A small quantity of the solution Is St 
for the determination of pH. Spec! 
membranes are required when the pH o 
the solution is very high (H> 10). n5 luu ve dus See 


al glass 
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XIII.25. Isohydric Solutions. The dissociation of a weak electrolyte is generally suppressed to some 
extent by the addition of a common ion. But it is possible to mix two solutions of different weak 
acids without the dissociation of either being affected. Such acid solutions whose dissociations 

are not changed on mixing are said to be isohydric with one another, , 
Suppose two such weak acid solutions HA, and HA; have concentrations c; and ca, in which 
their degrees of dissociation are a, and a3. Let k, and k, be their dissociation constants, Then 
2 


=e = 
kı ta and k, 155; 


2 
LA 


Let v, litres of HA, solution be mixed with v, litres of HA, solution, 


On mixing, as degrees 
of dissociation remain constant and the total volume is (v, -- v4), hence, 


Cau; [21217 Ie 
Cg» = AMET ond Cy; = HM, Caa, = Caem 
vitua virtus Viv 


Cu*.CAr; — (acv3-0;0,3)a, 
CHA; (vid-v3)(1—a,) 
Comparing with the earlier expression of kı, we have 


kı = 


41€,U,-Fa50,U5 = asc, (vi-v;) 
Similarly, considering the other acid HA,, the expression would be 


CiU H dsCsUa = asc;(vi-d- v;) 


9101 = 03603 + +» (XIIL59) 


C; = Cyt 
EE HS) 


Hence it is seen that two weak acid solutions would be i 
trations are the same before mixing. It depends in no way 


hence 
ie, 


hich the salt was obtained, i.e., a process opposite to that of 

1 ‘ : S process of decomposition of the salt by water is hydro- 
QE e and the base produced by hydrolysis are not both Strong, in other 
wo one of them be weak, their Strengths would be different. The ionisation of 
nequal, the resulting solution due to hydrolysis would be 
der, for example, a salt BA, which reacts with water as 


H is weak and HA i 


(a) salts of strong acid and weak base 
(b) salts of weak acid and strong base 
(c) salts of weak acid and weak base. 


Salts, being strong electrolytes, are Supposed to be practically completely ionised 


(a) Salts of Strong Acid and Weak Base. Let BA be Such i » 
lyses partly with water and suppose the degree of hydrolysis is at ake 


small. 
B*.- A` + H,O = BOH T HA = BOH +Ht + A- 
salt base acid 
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The acid, being strong and present in small concentration, i 
The | E S SU] 
ionised. Hence we may write, ; pposed to pe fully 


B+ + HO = BOH + H+ 


Suppose c is the initial concentration of the salt. 
The equilibrium constant, called the hydrolytic constant Kj is given by, 


— dBog.dH* _ dgon-Qg* 
5 üg*.dHg0 apt Gmo = 1) 
.. Cmon-Cu* fion fat 
Cat ` fet 
: det fa* 
In solutions of low ionic strength, p =æ l,and fgon = 1. 
; _ Ceson-Cu+ 
DEA ea .. . (XIIL60) 
Now Csou = cx, Cut = cx and Cg+ = c(1—x) 
By ees cx? 
SS TEES) L8 IEEE o (XUL61) 


That is, degree of hydrolysis : b luated i i " x 
Eram Aa ene ydrolysis x can be evaluated if Ka is known. When x is quite 


Kn & cx? or x = VKale . « . (XIIL62) 
The equation (XLII.60) may be written also as 
_ Caon-Con--Cut _ Kw 


Bo 7 Caen Ke ... (XHIL63) 
The concentration of the H* ions is CX, d 
Cut = cx = VKnc (from equation XII.62) 
e Ke 
or Can Ve í (from equation XIII.63) 


Taking logarithms of the inverse of both sides, 

pH = 4 pKw — ipK» — $ loge .. . (XUL64) 
The pH of a 0.02 M NH,Cl solution will be given by, 

pH = $x14.0—4 (4.74)—1 (log 2x 10-3) = 5.48 


Illustration : 


(for, KNH,oH = 1.85X10-* or pKNHioH = 4.74) 


Cut Kw KS AUS DE 
xc enm None 185x10*x992 — «107 


(b) Salts of Weak Acid and Strong Base. The hydrolyti : 
represented as, (base being assumed fully ionised as the e CN equation may be 


‘ B+ + A- + H:O = BOH + HA Bt + OH- + HA 
or A- +H,0 = OH- - HA 4 
Hence the hydrolytic constant (Ka) is given by 
doH--UHA _ On -dya 
aa- . 4820 a EE 


Kn = 


= Cou-. Cua fom- -Jua 
CRR SAE 
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fon- 
At low ionic strength, fu, = 1, and also FE zl, 
= Con-.Cu. . . (XIIL65) 
Pre Roh 
If c be the original concentration of salt and if x be the degree of hydrolysis, then 
Conc — cx, Cua = cx, Oa = c(1—x). 
That is, 
cx. cx xc 
S TES ES - . . (XIIL66) 
When x is small, Ka = x?c, hence x = /K;jc - . (XIII.67) 
From eqn (XIII.65), we find 
Wi Con- . Cua uf Cou-- Cua. Cyt S Kw 
Kn = rC — TG eae a —1 Ka sis (X1II.68) 
degree of hydrolysis, PESEVACH ... (XIIL69) 
Ka c 
; Kw.c 
and conc. of OH- lons, Cou- = cx = 
Ka 
AU ON yE SK: 
Cac Cou- -. c 
Taking the negatives of logarithms on both sides, 
PH = $ pK, + 4pKa + 4log c . (XII.70) 


To illustrate : The PH of a sodium acetate solution (0,01 M) is given by, 
PH = à x 14 + 4(4.74) + 1 log 10-2 
7+ 2.37 —1 = 837. 
(for, Kacente acid = 1.8 x 10-5, Le, pK, = 4.74) 


The hydrolytic constant, iq oe e 


= LL = 5.5 x 19-0 
Ka 1.8% 10 : 
K. -10 
and degree of hydrolysis, x ul Ka wt y= x 10 = PAG A 
c 1 x 10-2 


BY + A~+H,0 = BOH + HA 
So that, the hydrolytic constant is 


— .BOH X aya 
5 B+ . dA- . dmo (amo = 1) 
If the activity coefficient of undissociated molecules as also, less justifiably, those 
of ions be taken as unity in dilute solutions, 


— Coon X Coa 
ac Ta eater 2L. (XHLETI) 


A 
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Cson Cua 


or Kh lee voa Ge Cay CB Con- 
gu 
ie., XC «s. (XIIL72) 


Also from (XIIL71), if c be the conc. of the salt solution and x the degree of 
hydrolysis, ' 


CLOCK XM 
K»—,0—3.«1—3) fen) ... (XIIL73) 


So, the degree of hydrolysis and the pH of the solution are independent of the 


concentration. y 
Further, we know for the weak acid, 


Cyt . Ca- C; 


Ka CAEN or Cut = Ka. E 
cx x 
are Cut = Kk -a — KT 
f » m Ku 
Applying eqn (XII.73) Cg* — Ka VKn = Ka EK 
Kw. K 
or Cat = VEE 
Hence pH = $pKw + ipKs — 2PKo < . (XUL74) 


When the dissociation constants are equal, i.e., 
pK, = PKb, ; PH = 7.0, the resulting solution is neutral ; 


Ka> Ko; pH<7.0, the solution is acidic ; 


when 
Ka Kp, pH>7.0 the solution is alkaline. 


and when 


Given 
5, Kynyon = 1.8 X 1075, Kycn = 7.2 x 10-19 


= 7,0+2.37—2.37 = 7.0 i.e., the solution would 


Kon,coon = 1:8 X 10° 


The pH of ammonium acetate solution : pH 
be practically neutral. - 

The pH of ammonium cyant 
would be alkaline. 


de solution : pH = 7.0--4.57—2.37 = 9.20 i.e., the solution 


XIIL.27. Determination of Hydrolysis Constant. 
ivi k ductance of a soluti f 
(a) Conductivity Method. The conducta Oh or x Salt fic 
weak 2 id or a weak base is due partly to the ions of the salt and partly to the fade 
of the acid or the base formed by hydrolysis. Suppose we consider a salt like 
aniline hydrochloride formed from a weak base. If c be the concentration of the 
salt solution and x its degree of hydrolysis, then 


cA = c(1—x)Às + cx^ua 


i.e., total conductance is the sum of conductances of c (1—x) gm-eqv. of unt , 
lysed salt and cx gm equivalents of free acid. A is the apparent equivalent ved um 
tance of the salt in solution which is directly measured. The relation above may be 
transformed as 
de A—As 
* = Ama As o (XII.75) 


The value Aya may be taken aslg* + la- Le, àma at infinite diluti 

ilution; i 
better the eqv. conductance of HA may be separately measured at a cp still 
strength as existing in the experimental salt solution. ionic 


38 
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ination of As, the conductance of the unhydrolysed salt, 
gee fee eae is added to the salt solution until the hydrolysis is repres 
sed to a negligible amount. Under this condition, assuming the free base does no 
materially contribute to the conductivity, Às is experimentally found out. Now 
that A, As and Aya are all known, the degree of hydrolysis x is evaluated by eque: 
tion (XIII.75). The value of hydrolysis constant (K5) can be computed wit 
equation (XII.62). 


For example : The equivalent conductance of 0.011 solution of aniline hydrochloride is 
120 mhos. When the solution is saturated with excess aniline, the equivalent conductance drops 
to 104 mhos. The equivalent conductance of HCI at the same concentration is 410 mhos. What 
are the degree of hydrolysis and the hydrolytic constant? 


Kp = cx? = 0,011 x (0.052)? = 3.0 x 10-5 


(b) pH-determination Method. When a salt solution undergoes hydrolysis, 
the degree of hydrolysis is related to the PH of the solution. We have seen, if it 
is a salt derived from a weak base-strong acid, then, Cy+ = cx, where x is the 
degree of hydrolysis. Otherwise, if it be a salt derived from a Strong base-weak 
acid, Con- = cx, ie., Cyt = Ky/ex. 

In practice the salt solution is taken and its PH is dete 
a glass electrode as in section XIII.24. The conc. of H+: 


From this, the degree of hydrolysis x or the hydrolyti 
computed, 


When the salt is formed from a weak acid 
So the dissociation constant of the acid must also b 


. (c) Distribution Method. When one of the 
in soluti 


determined with the help of. 
-Ion in the solution is known. 
1C constant Ky, can be easily 


-weak base, Cy+ = Kav Kn. 
e separately determined. 
products of hydrolysis of a salt 
ble with water while 


ne hydrochloride solution of. Know 
taken and shaken with b 


in the benzene layer. Suppose, the partition coefficient of aniline between benzene 


and water, P = Crater _ Cw 


benzene C2 


i.e., in aqueous layer, conc. of aniline Cy = P.ez 
The free base in benzene = Cav 


The free base in water = Pe 
Total free base = cw + Pe, 
In water, the conc. of unhydrolysed salt — A 


The conc. of free acid in water = total amount of free base = ¢,v + Pes 
Hence, the hydrolytic constant, : 3 


—c,u—Pc, 


K Caci X Case in water tayer ( csv -Pc,). Pe, 
h F ie 
Cunnydrolysed salt (c —Cov— Pe.) 


All the quantities on the rt-hand side are known, hence Ky, is easily evaluated. 
The value of P is separately determined, i 
(d) Indirect Method. When dissociation consta 


: nts of the weak acid and weak 
base are known, the hydrolytic constant of a salt 


from the corresponding acids 


A 
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and bases can be computed with the help of equations (XIII.63, 68, 72). The 
degree of hydrolysis can then be evaluated from K;-values. j 


XIIL28. Buffers. If we add 1 c.c. of a 0.01 N HCI to a litre of water, the pH of the 
solution changes from 7 to 5. But if we add the same to a litre of ammonium 
acetate solution, the pH practically remains unaltered at 7.0. The resistance of a 
solution to changes in H* ion concentration upon the addition of small amounts of 
acid or alkali is termed ‘buffer action’. Solutions which possess such properties are 
known as "buffer solutions", or simply, buffers. The buffer solutions have thus 
‘reserve acidity and reserve alkalinity’. 

Buffer solutions usually consist of mixtures of solutions of a weak acid or 
base and its salt. The buffer action can be understood in the following way. Sup- 
pose we have a mixture of acid HA and its salt BA in solution. The ionisation 
equilibrium determines the H* ion concentration. 

CHECA: G 
Ka — egg ECR ae As eA) 


To the solution now if we add H* ions in the form of an acid, these H+ ions would 
be removed as HA by combining with A- of the salt. This is necessary to maintain 
the above ionisation equilibrium, and so pH remains practically undisturbed. 
On the other hand if some alkali is added to the buffer solution, the added OH- 
ions disturb the ionisation equilibrium of water. So OH- ions and H* ions combine 
to form H,O. In order to maintain acid ionisation equilibrium, some HA will 
dissociate to compensate for the H* ions removed. Here again the pH of the solu- 
tion would remain at the initial level. In the same way, the buffering action of a 
mixture of weak base BOH and its salt BA can be explained. Such considerations 
are however applicable only when the added acid or alkali are not too large in 
comparison with the amounts of the salt or acid of the buffer. 

Suppose a buffer is composed of an acid HA of concentration C, and its salt 
BA of concentration Cs. Let Cy* be the concentration of the H* ions in the buffer. 
Then, conc. of undissociated acid = Ca—Cy* and since the solution is electri- 
cally neutral, and the salt is assumed completely dissociated, 

conc. of anion, Ca~ = Cs + Cyt. 

Substituting these in (A) above, 


Ca— Cg* 


This quadratic equation when solved gives the value of the Cyt of the buffer. 
But the acid is weak and further its dissociation is repressed by the salt, hence 
Cat is quite small compared to Ca or Cs. Hence 


Ca aA Cacta 
Ch Ka. Cs = Ke: Ciait 
HE ‘Kate log Csat 
or pH = pKa Cu +. + (XUL76) 


This equation, generally known as Henderson equation, shows that pH of t 
buffer is governed by salt-acid ratio and the ionisation constant of the acid. g 
For a mixture of a weak base and its salt, similar treatment would show 


a Coase 
Con RES Csat 
o. OH = pK, + log oe 
r P a i C D (XIILT7) 


The buffering capacity is best when the acid and the sal 
Concentrations in the mixture, so that 


pH = pKa 


t are present in equal 
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Thus a sodium acetate-acetic acid buffer’s capacity is maximum when equimole- 
cular concentrations are taken in their mixture ; the pH becomes 4.74 (for Ka = 
1.82 x 10-5). . i 
When the ratio salt/acid is varied, the buffer will have a different pH, but not 
far away from the value of pKa. For example, if acid : salt = 1 : 4. 
pH = pKa +log4 = pK, + 0.60 
But if the ratio acid to salt be 4 : 1, then 
PH = pKa + log 1/4 = pK;—0.60 
The maximum variation in the acid : salt ratio allowed is 1 : 10 or 10:1. The 
limiting values of the buffer pH then are 
PH = pKa + log fo = pKa — 1 and pH = pKa + log 1p = pKa +1; 
ie. PH = pKa +1. ; 
In other words, the acetate-acetic acid buffer is suitable in the pH range 4.74-++1 
and 4.74—1, i.e., 5.14—3.74. 
In expressing the pH of a buffer solution (equations XIIL76 and 77), the 
concentration terms instead of activities have been used. But when greater accuracy 
is demanded, the expression should be 


E 


ag* = Ka. a 
or 2 Asalt 
pH = pK, + log amm 
acid 
C; fA 
= pK, + log = + log “A— 
pK, + log c [4 fan 
Ci 
or pH = pK, + log a -logfa- [.. fna = 1] 
acid 
Csat 
or H =K FI — 0. y i? 
p pK, + log Cau — 0905 24 Vi 
(from Debye-Hückel) « . . (XII.78) 


Buffer solutions 


1. Phthalic acid and pot. acid. phthalate DE TREE 
2. Acetic acid and Na-acetate n ua 
3. Pot-acid phthalate and dipotassium phthalate ud — 2 7 
4. Na;HPO, and NaH;PO, T3 —162 
5. Boric acid and borax "m — 80 
6. Borax and NaOH 35 = A 
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the titration. Most of the indicators have a predominantly “acid colour" and 
a predominantly “alkaline colour" in lower and higher ranges of pH. Different 
indicators undergo this change in colour from one to the other in different pH- 
ranges. For a given acid-base titration we can therefore select the indicator which 
would show a colour change close to the equivalence point of that reaction. 

Indicators are either very weak organic acids or bases and these must exist 
in two tautomeric forms. One of the tautomers is in the non-electrolytic form and 
does not ionise but the other is an electrolyte and hence ionisable. The colours 
of the two tautomeric forms are different. The colour of the ion is the same as 
that of the tautomer from which it is produced. 

For example, the commonly used indicator, phenolphthalein exists as follows : 


OH 
(0) Oo 
Colourless Red Red 
(Lactone, from benzenoid) (Carboxylic acid) (ionised) 


(Quinonoid form) 


To cite other instances of indicators : 
OH [9] (0) 
I 


(a) | = 
2d bá I 
NO; N Noes (Paranitrophenol) 
! VAN 
f; OF O 
Colourless Yellow Yellow 
(Quinonoid) 


(Benzenoid) 


N=N -È wwe NH-N = wwe 
TaN a 
(b) NS 2 | / (Methyl orange) 


V 


Bos sO,- 


Yellow in alkalis Red in acids etc, 


icator acid like phenolphthaleig, Suppose HIn* 


Let us now consider an ind 
form and HIn be the ionisable form, while In- 


be the non-ionisable tautomeric 
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represents the indicator ion. The colour of HIn and In- is the same but different 
from that of HIn'. In aqueous solution there would exist two equilibria. 


G) Hin’ = HIn oo Ky = Ste SOT, 
(i)  HIn = Ht + In... Kp = Seer 2s eB) 


Tn acid solutions, the dissociation will be repressed, the whole of the indicator 
shall remain in undissociated form i.e., as HIn’ and HIn, wich have different 
colours. The indicators will be applicable only if the equilibrium constant K: of 
equation (A) is small, so that the undissociated indicator mostly exist as HIn'. 


Multiplying (A) and (B), Ki. Kp = H*c = Ky M si) 


In’ 
where Kin is called the indicator constant. 


It has been ássumed that the conc. (hence activity) of HIn is very small. 
Therefore anw is the activity of practically the entire undissociated form. The 
colour of HIn' is the colour which the indicator will show in acid medium. In 
presence of alkali, H+ ions will be removed as HO, dissociation will be almost 
complete and the indicator will be present mostly as In-. Hence indicator ion shall 
have ‘alkali’ colour. Rewriting (C), we have 


ant = Kin. Hie JD) 
ie, an+ = Kin Que faw 
or PH = pK + log GEZ + log fac ^^ (aw = D... (E) 
ie Sin Bee wit Debye Hiickel Law, but for most purposes, it 
| pH = pK; + log e= . . . (XIIL79) 


b Cini 
a pH pea pKin ae log “ionised orm with alkaline colour 
' non-ionised form with acid colour 


„Itis seen that at a given pH, indicator will exist in a de 
trations of ionised ioni 


Cu-^ 10,ie, when pH = PKin—1. 


I i Cin- " 
And the alkaline colour can be detected when Caw? 10, ie, pH = pKin +1. 
As we titrate acid with base, the pH changes. The indicat i to 
change from one colour to another within the pH ran ors will appeai 
within two units of pH. H Be (@Kin+1) to (pKin—!)» 
Thus, phenolphthalein has a pKin value of 9.6 and h i e 
takes place in the pH range 8.6 to 10.6. Methyl red hasa PAS va eee 
colour would change in the pH-range 4.1 to 6.1. s ekp 
In the case of indicators which are weak bases, we h ; ers 
In'OH and InOH and the equilibria are : ave again the tautom 


(i) In'OH = InOH Ki = 


MOH! Anon 
(ii) NOH = Int + HO- Ky = 


4+ Gon /dinoy 
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InOH and In* have the same colour but different from that of In'O 

i i H. To be 
useful as indicator, K: must be small, the undissociated form xl 

In'OH. As before, we have, oi (oan ensJl mostiyebe 


r diy t-GoH—- Qty 
Kp = =E or dom- = “In OH 
h awon on Kin diy ` 
ne Be, dmt g , Cint (assuming activity coefficients 
in Awon Cmon as unity.) 
- Cino 
NK Cmon 
or pH = pK +log Gus 2.24 (XIIL.80) 


where K = Ky | Kin 


Some of the commonly used acid-base indicators with the pH-ranges for 
their colour-change are listed below. 


TABLE : ACID-BASE INDICATORS 


Indicator PKin Colour-change pH-range 
acid-alkali 

Bromo-phenol blue 4.0 yellow-blue 2.8— 4.6 
Methyl orange 3.7 red-yellow 3.1— 4.4 
Bromo cresol-green 47 yellow-blue 3.8— 54 
Methyl red 5.1 red-yellow 42— 6.3 
Chlorophenol red 6.0 yellow-red 4.8— 64 
p-nitrophenol 74 colourless-yellow 5.6— 7.6 
Bromo-cresol purple 6.3 yellow-purple 52— 6.8 
Bromo-thymol blue 7.0 yellow-blue 6.0— 7.6 
Phenol red ue cos yellow-red 6.8— 84 
Cresol red (base) 83 yellow-red 7.2— 8.8 
Thymol blue (base) 8.9 yellow-blue 8.2— 9.6 
Phenolphthalein 9.6 colourless-red 8.3—10.0 

9.2 colourless-blue 8.3—10.5 


Thymolphthalein 

Choice of Indicators. When equivalent amounts of a strong acid (say HCI) 
and a strong base (say KOH) are mixed, the resulting solution has a pH near 
about 7.0 and any indicator may be used in such neutralisation titrations. On 
the other hand, if to a weak acid solution an equivalent amount of a strong base 
be added, the resulting salt in solution suffers hydrolysis and the solution is alkaline 
having a pH above 7.0. Hence in a titration of a weak acid and a strong base, 
indicators whose colour-change takes place in a higher range, such as phenol- 
phthalein or thymol-blue should be used. In titrating a strong acid with a weak- 
base (say HCI acid with Na,COs soln), the resulting salt suffers hydrolysis and the 
solution becomes acidic even when equivalent amounts are added. The indicators 
like methyl orange, methyl red ete. whose colour-change takes place in the acidic 
pH-range would prove satisfactory. In titration of weak acids with weak bases, 


none of the indicators are very satisfactory. 
The statement just made may be more clearly understood from a titration 


curve with variation in pH of the solution. — i 

Suppose 100 c.c. of 0.1 N HCI are being titrated with 0.1 N NaOH, Assuming 
complete dissociation and activities being the same as concentrations, the H+-ion 
concentration at any stage of titration 1S equal to the amount of HCI remainin; 
unneutralised. The pH-values may then be calculated as. g 


c.c. of NaOH 26 HCI Cg pH 
added unneutralised n 
nil 100 10-1 ie 
50 50 5x 10-2 is 
99.9 0.1 10-4 46 
100.0 0.0 10-7 Eo 
100.1 Excess alkali 10-10 ss 
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This shows that when 0.1 c.c. of titre only remains to be added to reach equi- 
valence point, pH was 4.0. With another 0.2 c.c., the pH has sharply jumped to 
pH = 10. This is illustrated in Fig. XIII.14(a). 


OIN NH4 OH 
O-INNaOH O-INHAc 
ONHCI O-INNaOH 
O-INHAc 


(3) (b) 


25 50 25 1-0 1:25 15017520 25 50 -75 10125 050175 7-0 25 750 75 1-01-95 1-50 175 20 
Eqv. of NaOH added Eqv. of NaOH added Eqv. of NH4 OH added 
per eqv. of HCI per eqv. of AcH per eqv. of HCI 


Fic. XIIL.14 Neutralisation curves (a) 0.1 N HCl and 0.1 N NaOH, (b) 0.1 N AcH 
and 0.1 N NaOH (c) 0.1 N NH,OH and 0.1 N HCI 


If instead of HCl, 0.1 N acetic acid is titrated with 0.1 N NaOH, the titration 
curve Fig. XIII.14(b) is obtained. Since the salt NaAc hydrolyses, the pH-jump 
takes place from approximately 7.0 to 10.0, where the equivalence point is reached. 
The pH-values at different stages are calculated with Henderson equation (X1II.76). 
In this titration necessarily phenolphthalein is used as indicator as its pH range 
for colour change is about 9.0. 

Ikewise in titrating 0.1 N HCl with 0.1 N NH OH, the pH o i 
calculated with Henderson equation, shows a steep rise from pH Puri 
7.0 when the equivalence point is reached (Fig. XIIL14(c)). Methyl orange is 
thus a suitable indicator in this titration. 


of the solution under d dS oY gan approximate eatimiate of the pH-range 


e sponding buffer soluti i 
same pH. In this way, pH-value of the soluti on ple: 
determined. A more accurate value can EUR ined if buao LÀ DH unit can be 


ess Br supplied, ae in a disc. Solutions with Hie for e 
small rectangular cells and matched with the l i 
the pH-value. Indicators to be used for such omparatce 4s standards to obtain 


? i comparator method lso to be 
obtained from specific manuf: i oas arejalso to 
book, P acturers. Details may be found in a practical text 
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POLARISATION : OVERVOLTAGE 


XIIL31. Polarisation. In a voltaic cell, electric energy is produced at the cost of 
chemical reactions. From thermodynamic considerations we know that the amount 
of electrical energy produced under reversible conditions is equal to the free energy 
decrease. But if the electrode processes are irreversible, the electrical energy 
output will be less than the decrease in free energy ; a portion of the free energy 
will be dissipated as heat. 

The opposite non-spontaneous process, namely the chemical reaction at the 
cost of electric energy, can be effected by passing electricity under a suitable 
applied potential through a cell where the same chemical transformation could 
occur. This is electrolysis and would increase the free energy. Under reversi- 
ble conditions, the free energy. changes, though opposite 1n sign, would be equal 
in magnitude in the two opposite transformations. > 

But in most of our practical applications, which are generally rapid, the condi- 
tions of reversibility are not observed. The energy required to carry out the chemical 
process is that necessary for the thermodynamically reversible change plus an 
extra amount to compensate for the irreversibility. It is thus easily realised that 
under irreversible conditions, the applied potential needed for electrolysis would 
be greater than the reversible e.m.f. of the corresponding voltaic cell. The extra 
voltage required over the theoretical for electrolysis is called the polarisation voltage, 
since the phenomenon is known as polarisation. The cell is said to be polarised. 
XIII.32. Decomposition Potential. Suppose we attempt decomposition of an 1M 
H,SO, solution by dipping two smooth pt-electrodes in it. An arrangement as 
in Fig. XIIL.15(2) may be made in which the pt-electrodes A and B are inserted 
in the acid solution. The potential is applied from a battery X through a variable 
resistance ; the applied potential can be varied by moving the sliding contact D. 
A. milliammeter C is inserted in the circuit and also a key E. The voltmeter V is 
connected to the two electrodes to measure the potential between the two at any 
moment. 


d 


(b) Decompèsition 
voltage 


mposition potential measurement (b) Plot of current vs. applied potential 


Fic. XIII.15 (a) Deco 
all voltage, Say 0.5 volts, be applied, The amm: 
E E current is flowing, P. the current soon falls aM M 
gradually reduced to almost Zero. The pim RH ^ then slowly increased 
Fatih Pueri ssa Very By mtd when the applied voltage 
reaches a certain value the € Henn Increase 1 increase in 
applie . At the point where a S e in current takes place 
bubbles ce n e A begin to be evolved tis E es decom. 
Position at the electrodes also starts. I 4s e EE oth Pis otted against voltage, a 
Curve as shown in Fig. xIIL15( 5 o it fies Ci lled OR starts when 
the voltage is raised to the point, d- UAM (ore He the decomposition potential. 
he decomposition potential of an oque te fa t en be defined as the minimum 
Potential to be applied in order to bring about continuous electrolysis, 


.. To begin with, 
will first show an app 
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After the voltage has been applied for some time, if the circuit is broken, it 
is found that the reading of the voltmeter V remains steady for sometime and then 
falls quite rapidly to zero. It means that the electrolytic cell is behaving as a source 
of current. It is said to be exercising a back or polarisation e.m.f. in a direction 
opposite to that of the applied potential. The back e.m.f. is due to the fact that 
during electrolysis, oxygen and hydrogen gases accumulate at the pt-anode and 
cathode respectively. The two inert electrodes have thus been converted into 
oxygen and hydrogen electrodes. The H;—O; voltaic cell so formed has an e.m.f. 
opposite to that of the external applied voltage. A current from this cell will be 
obtained until the accumulated gases are us 


f sed up or diffuse away. The back e.m.f. 
exists even when external potential is applied. That is why continuous electrolysis 
is not observed at low applied potentials as seen in Fig. XIIL.15(b). So it is found 


that as a result of electrolysis, even inert electrodes are converted into active ones 
to yield current. 

With smooth pt-electrodes, the decomposition pot 
has been experimentally found to be 1.7 volts. Althou, 
and the electricity is conveyed by H+ and SO,-- ions, the chemical change is really 
the decomposition of water. This is proved from the fact when different alkalis 
and other oxyacids are taken as electrolytes—all yield H, and O, gases—the same 


decomposition voltage is observed (vide Table below) ; whereas the decomposition 
voltage of HBr is 0.94 volts and of HCI 1.31 volts. 


ential in the case of H,SO, 
gh the electrolyte is H,SO,, 


TABLE : DECOMPOSITION VOLTAGES WITH SMOOTH Pt-ELECTRODES 


Electrolyte Decomp-Pot. Electrolyte Decomp-Pot. 
HSO, 1.67 volts HCIO, 1.64 volts 
HNO, 1.69 NaOH 1.69 

H;PO, 1.70 KOH 1.67 
CH;CI.COOH 1.72 NH,OH 1.74 


For a voltaic cell with reversible H,—O, electrodes, we can calculate thermodyna- 
mically the reversible e.m.f. as follows : The reaction is 


H,+40,+H,0 = 2H+20H- ; AF? = —18600 
Since Ap» = —nJE°, where E° is the standard potential of the cell, 
po AF? _ —18600x4.2 


=F = 7—2x96500 — 0.403 volts. 
When the electrolyte used is H,SO, or a similar substitute, then, at 25°C, 


(Bs jp RT NU: 


411, -402-411,0 

RT 
= Y In ags.aogg- = 0.403—0.059 log ay+.dou- 
i.e., E 


= 0.403— 0.059 log (1x 10-215) = 1,23 volts 
the reversible potential of an i i i 

l „any cell in which the chemical process 
of water is 1.23 volts. This potential is independent of the nature 


In other words, 
is the electrolysis 
and concentration of electrolyte used, 

It is thus seen rnat witi Smooth pt-electrodes the polarisation voltage of elec- 
trolyte H,SO,, "n 5 Ike, is 1.71.23 = 0.47 volts. It is not possible to say 
definitely from this observation alone whether the polarisation potential is associa- 
ted with only one electrode or with both the electrodes. 

i Polarisation and (0) "c ; 

XIII.33. Concentration Vervoltage. The polarisation during 
electrolysis is of two types, namely (a) Concentration polarisation and (b) Over- 
voltage. Both of them may arise simultaneously, 
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(a) Concentration Polarisation. As a result of is i i 
on the electrodes and as such changes in the RN EE Moped ined 
vicinity of the electrodes occur. This is particularly noticeable when the | ioi do are 
slow-moving. In effect, a concentration cell within is created whose eet a 
act in opposition to the applied e.m.f. This is concentration polarisation i 

Let us consider the variation in potential at the cathode during electr lyti 
deposition. The initial concentration of the ion when electrolysis starts is ss € 
Ci, for a bivalent ion, (say Ni** being discharged,) the electrode potential ‘is as 

ORE , 0.059 
pr nc 2 log C; 


Suppose the concentration is reducéd thousand fold due to el 3 
the electrode potential would be o electrolysis, then 


pie ie 


0,059 
T2 log (C: x 1079) 


> 0.059 T 
= £—-.4-lgC + 3 x 2 


= ¿ + 0.087. 


that is, the electrode potential would change by 0.087 volts. 

The concentration polarisation is usually small and even this can be practi 
eliminated by vigorous stirring of the electrolyte. Increase of NNS cally 
reduces concentration polarisation due to increased thermal diffusion. 

(b) Overvoltage. The overvoltage is a polarisation potential associated with 
the processes occurring at the electrode surface. This effect is particularly important 
when the product of electrolysis is a gaseous one. An irreversibility is introduced 
in the processes at the electrode due to slowness at some stage. Usually two or 
three stages are involved in the discharge of the product on the electrode. First 
the ions are deposited on the electrode and neutralised, the neutral atoms are then 
deposited or rendered into molecules, if polyatomic ; and finally, the molecules 
escape, if gaseous, 1n the form of bubbles. Let us explain this with the liberation 
of hydrogen at a smooth Pt-cathode. 

The steps associated with H,-evolution are 

(dà) Ht+e = H (atom) 
(b) 2H = He (adsorbed) 
(c) He (adsorbed) = Hi (gas) 


(a) and at (c) are quite rapid and these equilibria are easily 
attained, But as for the process at (b), the formation of hydrogen molecule from 
atomic hydrogen is a slow process and the consequent equilibrium is only arrived 
at with difficulty. For a given H* ion concentration in the solution, the electrode 
potential will be determined by H- ion concentration and hence by atomic hydrogen 
P^ the electrode. The atomic hydrogen concentration is again dependent on 
gaseous hydrogen molecules. As eqm (b) is not readily attained, the electrode 
cannot act as reversible Hy electrode. Because of the slowness of the reaction 
2H—H,, a relatively. high concentration of atomic hydrogen on the electrode is 

: necessary before the rate of reaction EAT would equal the rate at which H- 
ions are discharged by process (a). This hig Eon of atomic hydrogen 
is much greater than required by ea drogen, and hence of ©. The result is that 
ue to high concentration han that of the reversible Eae el E ir 


otential i ate 
Potential is much gre of hydrogen on that electrode. If the electrode be 


excess e.m.f. is the overvoltage / 
process (D), Łe., the hydrogen atoms are catalysed to form 


voltage can be considerably red ` l 
wervoltage is practically u a: In fact, if plati- 
posed to explain overvoltage. 


The processes at 


604 PHYSICAL CHEMISTRY [ XHL.34 


The overvoltage at the anode or cathode depends on the following : 

(a) the nature and the physical state of the electrode employed. 

(b) the physical state of the substance deposited. If it is a metal the over- 
voltage is usually small, but for a gas the overvoltage is higher. 

(c) the current density employed and the temperature. In the table here we 
enlist the hydrogen overvoltage in 2N H,SO, for the beginning of formation of 
bubbles. 


TABLE : H;-OVERVOLTAGE IN 2N H;50, AT ROOM TEMP. 
Electrode Overvoltage 


Electrode Overvoltage 
Pt (platinised) 0.00 Ni 0.21 
Pt (smooth) 0.09 Cd 0.48 
Au 0.02 Sn 0.53 
Ag 0.15 Pb 0.64 
Cu 0.23 Zn 0.70 
Fe 0.08 Hg 0.78 


Measurement of Oyervoltage. An arrangement as in Fig. XIII.16 is made for direct measure- 
ment of overvoltage at an electrode during electrolysis. This arrangement is similar to that employ- 
ed for measuring the decomposition potential. The electrodes (A+-B) are kept partially immersed 
in the solution electrolysed which is continuously stirred with stirrer S, to avoid concentration 
polarisation. The solution end of a reference electrode, say calomel half-cell, is also placed in the 
solution and kept very close to the electrode under test. The electrode (say A) and the reference 
clectrode constitute a cell and these are connected to a potentiometer. The e.m.f. is recorded from 


li 


Electrolyte 


« 
To 
Potentio 
meter 


( Prebinek ) 


NC 


24 $6 89 J|0(x0, 
Electrode, 


Current density ( m. amp / sq. Cm. ) 


Fic. XIII.16 Fic. XIIL17 
the potentiometer and by subtracting the potential of the reference electrode from the e.m.f. 
measured, the potential of the electrode (A) concerned is obtained. The reversible electrode poten- 
tial of A being known, the excess potential of A during electrolysis is found out which is the over- 
voltage. The experiment 18 repeated with different currents used for electrolysis. The Overvoltages 
ut different ee ae a thus obtained, The area of the electrodes which is inside the 
solution is caretully measured, the current strength is known from the milliammeter, h 
density is known. x 19 NGC UR 


A relation for the variation of overvoltage 


i (V) with current density (I) may be easi i 
Consider the two primary processes at the cathode : sily derived. 


k 
G) H* + e > H (fast); (ii) H+ H > H, (slow) 
The cathode reaction is governed by process (ii). 


HORT Gr 
We know, ££ wh pé 
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where Cg* = conc. of H+ ions in the solution and Cg = conc. of H—ato 

': 2 —atoms measured i 
area of the cathode surface. Again, the rate of formation of H,-molecules per unit ous 
surface is the current density. Hence I = kıCġ or Cg = VI/K, 


£- pA Vl 
J Cyt 
If £, denote the actual eam. potential, so that V = E—Es. 


o RT 1 2.303 R 
p ES EST za [T+ T. 
[ d fa F 1 vas] [ 2j ] lopiol 
= —a—b logo! ^ 
where —a and 6 replace the quantities within the brackets. 
The overvoltage — V = a+b logo I .. . (XIIL8I) 


It is therefore expected that the plot of V against log, of would be linear. This has been realised 
in the case of hydrogen overvoltage to some extent (Fig. XII.17). 


XIII.34. Processes at the Cathode : Metal Deposition. There are some in i 
aspects of the processes occurring at the cathode during electrolysis. ae 

(i) The transport of current through the solution depends on the speed and 
concentration of the ions, but the discharge of the ions depends on the deposition 
potential of the ion in that solution. These two phenomena are independent. 
It is thus possible that the ion discharged at an electrode is different from the ion 
which is primarily responsible for conducting the electricity. 

For instance, in the electrolysis of an acid solution of AgNO, between Pt- 
electrodes, the current towards the cathode is largely transported by H+ ions and 
to some extent by silver ions and yet only Ag* ions are discharged at the cathode 
and not H+ ions. On the other hand the current towards the anode is conveyed 
almost wholly by NOs” ions and yet the OH- ions are discharged to yield oxygen 


(ii) It has already been stated that in the deposition of metals there is very 
little overvoltage needed. That is, metals are deposited practically at their own 
reversible potentials. When aqueous solutions of metallic salts are electrolysed 
metal ions as well as hydrogen ions are present to be discharged on the cathode. 
There indeed would be a competition between the two for discharge. In such a case, 
the ion which has a higher discharge potentialunder a given set of conditions will 
be liberated at the cathode during electrolysis. : 

For instance, take the case of neutral AgNO, solution (a = 1), the reversible 
deposition potential for Ag = +0.79 volts, the deposition potential of hydrogen 
is = +-(0.059 log 10-7) = 20.41 volts. It is thus seen that the free energy decrease 
(—nFé) will be greater in the case of Ag-deposition than that in hydrogen deposi- 
tion. Ag* ions will therefore have a greater tendency to be spontaneously deposited 
and that is why we observe silver plating out of the solution. 

If the deposition potential of a metal is less than that of hydrogen, it is expected 
that hydrogen would be evolved at the cathode. But in computing the deposition 
potential of hydrogen not only its reversible potential but also the overvoltage 
of hydrogen on the cathode material must be taken into consideration. It is be- 
cause of the appreciable hydrogen overv d that many metals are found to be 
deposited from aqueous solutions anstead OL ydrogen, although the decomposi- 
tion potential of metal is less than that of the hydrogen. 

To Illustrate : In à neutral solution, 


the reversible deposition potential of Zn (a = 1) = —0.76 


and that of hydrogen (4 = 107) peek 
ee: : i hode and not hydr 
Yet zinc is deposited on zinc cat z ydrogen because the actual 
deposition potential of hydrogen i a rever Me Pe (—0.41 volts) plus its 
overvoltage (—0.70 volts) i-e.» ==] yos: much lower than that of zinc 
and hence zinc is deposited. 
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anding application of this effect is found in Castner cell for cansue 
a e potential of sodium on a dilute sodium-mercury amal; 
bg (in which activity of sodium is low) is about —1.2 volts, The pevos s 
Sero potential of hydrogen plus its overvoltage on mercury is about RO 
Voss So, sodium is deposited on the mercury cathode and not hydrogen. Bu! 


when the amalgam is led to the next chamber with iron cathode, the picture is 


different. Sodium has now a reversible potential of about —2.5 volts where as 


the deposition potential of hydrogen including overvoltage on iron is much less. 

is li d there. ] Á 
e ions P ure than one metal are present in solution each ion will 
be liberated at its appropriate deposition potential. ‘These deposition Donna 
are approximately their reversible discharge. potentials, fori metals are BUR y 
found to have no overvoltage. Thus, if a solution contains Zn*+ and Ag*, bot m 
unit activities (say), Ag* ions would be liberated first on a Ag-electrode M en 
the cathode potential is —0.79 volts. If the Ag is practically wholly piove by 
electrolysis, the current will fall, the electrode may be replaced py ane an if e 
potential adjusted to that for deposition of zinc. In this way, AU ytic rera ion 
can be effected. In the electrolysis with a mixture of several sa ts, me akay Mic 
have a lower oxidation potential will be deposited earlier than those which have 
a higher oxidation potential. : 

Fi MURS ctinultassous separation of two metals may Nm e 
Such as the electrolytic process of formation of brass by Jom, x pe EQ CODPSE 
and zinc. In aqueous solution of the two salts having equa ite tale these tons 
deposition potentials are widely different. Hence it is necessary pees nit iis te 
in such concentrations that their decomposition potentials may Sieg e 
usually achieved by transforming these ions into their comp a n Du pi cr 
cyanides. The difference in their deposition potentials is thereby r e nd 
ultimately at a. particular Concentration of cyanide the decomposition potentia 
of the two are made equal and both are then deposited simultaneously. 


Reference for further reading 


- Introduction to Electrochemistry—Glasstone 


- The principles of Electrochemistry—Mac Innes 

: The physical chemistry of Electrolytic solutions —Harned and Owen 

- Principles and application of. Electrochemistry— Creighton and Koehler 
- Text book of Electrochemistry—Kortum and Bockris 

. Potentiometric titrations—Kolthoff 

- Hydrogen ions—Britton 


- Indicators—Kolthoff, 


90 -1 0v tn dj US 29 — 


Problems 
if Hecersary» Wt solving these Problems, the standard essential data are to be taken from the 
tables g iven in the book. Unless otherwise stated, the temp. is to be taken as 25°C, 
1. Write down the individual electrode reactions and also the total cell reaction for each of 
the following cells, 


(a) Pb | PbSO\s), so,-- 


|| Cu** | Cu 
(D Pb | HSO, | PbO,(pb) 

(c) Zn | Zn** | H+ | BEY 

(d) Fe | Fe** || 


(à Hg | HCl) | CI- jj Cur | Cu 
(b) Pt | Fet+ — Fete l| Cl- | Agcus) Ag 
(c). Cu | Cu** || Pb | Pb. 

3. Calculate the potentials of the following electrodes at 25°C. 


(a) Ag | Ag* (a = 10-5) 
(6) Cu | Cu**(a = 02) 
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(c) Pt | Fe** — Fett 
(a = 0.1 (a = 0.01) 
(d) Pt | Cl; (730 mm) | CI- (a = 0.1) 
4. Compute the cell potentials of the following : 
(a) Cu | Cu** (a = 0.01) || Zn** (a = 0.1) | Zn 
(b) Pt | Fe** (a = 0.5), Fe*** (a = 0.2) || CI- (a = 0.001) | Agcl | Ag 
(c) Pt| TI, THF = || Ce***, Cette Pt 
a4—05a-05|(a-—08) a= (02) 


5. Construct electrochemical cells for the following reactions and then find out their stan 
E t 
free energy changes from their e.m.f.'s : heir standard 


(a) àCl,-- Br- = iBr,- Cl- 
(b Hg;Cl = 2Hg + Ch 
(c) Ag*--I- = Agl(s) 
(d) H, + Cutt = Cu + 2H* 
6. Calculate the e.m.f. of the cell and AF? of the cell reaction, for 
Pt | Cl; (1 atm) | ZnCl, (a = 1) | Zn. 
7. The potential of the cell, 


Zn | ZnCl, | AgCKs) Ag 
(m — 0.01) 


is 1.16 volts. Show that mean ionic activity of the ZnCl, solution is about 0.71. 
8. The e.m.f. of the cell 
TI | TICKS), | KCl (m = 0.1) | HesCl(s) | Hg 
is 0.73 volts, and dE/dT = 7.5 x 10-*. What is the cell reaction? Calculate AH and AF for the 
reaction. 


9. Given £°minoz/Matt = —1.51, and £'co,[oxatte = 0.49 ; calculate the eqm constant 
of the reaction 


2MnO; + 6H* + 5H,C,0, = 2Mn** + 10CO, + 8H;O. (Ans. log K = 338) 
10. The oxidation potentials of Cu | Cu** and Cu | Cu* are 0.337 and 0,530 volts. What 
is the equilibrium constant of the reaction 
2Cut = Cu** + Cu? 
Is it easier to oxidise copper to Cu** or Cut ion state? 


11. The em.f. of the cell 
Pt | Ce**** (90%) 
Ce*** (10%) 
is 1.464 volts at 18°C. Calculate the value of the equilibrium constant of the reaction, 
2Ce*** + 2H+ = 2Cet**t* + Hs. 
12. The electromotive force of the cell 
Zn | 0.01 N ZnSO, || 0.1 N ZnSO, | Zn 


is 0.0275 volts. The ionic conductances /z5** = 47 and /so, = 70. Calculate the ratio of ionic 
concentrations. 

13. The electrode potential Cu | Cu** (1 M) is —0.62 volts. At what concent 
ions will this electrode potential be zero? 

14. If excess metallic iron be added to a solution containing N Cu** 
mate concentration of copper ions when equilibrium is established. 

15. Calculate the e.m.f. of a cell consisting of two copper plates di 
copper sulphate solutions. Neglect liquid juhction potential. 

16. The e.m.f. of a cell formed by dipping two electrodes of a meta] 
its salt with concentrations 0.1 M and 0.01 M was observed to be 0.0295 
the valency of the metal, if liquid junction potential has been eliminated ? 


| normal calomel electrode 


ration of copper 
> calculate the approxi- 
pping in 0.05 N and 0.005 N 


(X) in two solutions of 
volts at 25°C, What is 
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17. The e.m.f. of the cell, with transference, 
H, | HCI soln HCI soln H; 
a4 = 905x107 | a4 = 1.75x10-* 


is found to be 0.028 volts at 25?C. Its e.m.f. without transference is 0.017 volts. What is the trans- 
port number of Cl- ions. Also find out the value of the liquid junction potential. 


18. Calculate the potential of the cell, at 25?C, 


Pb | PbSO,(s) | CuSO, soln 
(m = 0.2,¥ = 011 


if transference number of Cu** be 0.37. 
19. Calculate the e.m.f. of the following cells at 20°C ; 
(a) Cl, (2 atm) | NaCl solution | Cl, (1 atm) 
(b) Cd-amalgam | CdSO, soln | Cd-amalgam 
(c) (cs) 
where c, = 5.3 x 10-5, cy = 1.8 x 107? 


CuSO, soln PbSO,(s) Pb, 
(m = 0.02, y = 0.32 


20. Explain 


(i) Why nickel sulphide alone is precipitated when H;S is passed into an aqueous solution 
containing Ni** and Mn++ and dilute acetic acid (M/10). 


Y (ii) Why zinc sulphide is insoluble in water but soluble in dilute HCl but mercury sulphide 
is insoluble in both water and in dil HCI. 
(iii) Why silver chloride dissolves in ammonia but not in HCI, whereas bari 
y À > um phospha! 
dissolves in HCI but not in ammonia. ee 
21. The solubility products of AgCl and Agl are 10-1? and 10-8 i i 
abe? gi g respectively. What will be 
(a) adding KCI soln to a saturated solution of AgCl, 
(b) shaking up solid AgCI with a solution of KI, 
(c) shaking up solid AgI with HCI solution? 
22. The solubility of AgCI i i i P i i ili 
gCl in water is 1.50 mgm/litre at 20°C. What i 
1x10" M KCl soir ioi. gm/| at will be its solubility in 


23. The solubili i ide i 7. i 
Neg Hity product of Magnesium hydroxide is 3.4 x 10-4, Calculate its solubility 
24. At 25°C, the solubilit is 5.8 
T > y product of AgBrO, is 5.8 x 10-5. Calculate its solubility i re 
water and in 0.01 M KBrO,, using Debye-Huckel limiting law. ipo 


25. ili A 

aes ae ee Product of PbI, is 7.5 x 10-? at 15°C and 1.4 x 10-* at 25°C, Show that the 
HE i on SE Pol; is 10,600 calories. Calculate the solubility of PbI, at 35°C. 

dires waned aha EM La = 7 x 107? for MgF;. Calculate its solubility in moles/ 

k . Ans. 1.2x 1073, 7 x 10-9). 

27. At 18°C, th i ; ( h 

its solubility is UE ae ee of water saturated with CaF, is 3.86 x 10-5. Show that — 

Given, = 51, 1. = 47, s/litre. Calculate its solubility product. 


and the specific cond - 
28. The e.m.f. of the cell conductance of water used, 1.5 x 10-*. 


Calomel electrode 
(saturated) 
was found to be 0.269 volts at 25°C : na A 
0.2415 and £'AgjAg* = 0.7978 yrs: What is the solubility of silver chloride? (Given Eca = 


29. Calculate H+, and PO,--~ con A 1 
at 25°C, Use K, values from the fin s Rina in a 0.01 molar solution of phosphoric acid 


KCl | AgCl(s) | Ag 


30. Find out the degree of dissociati 3 
at 25°C, (Ka = 4.8 x 1075). ‘on and pH of a 0.01 molar solution of phenylacetic acid 


31. A solution which is 0.05 M in respect of benzoic aci 4 5 
has a pH = 4:50. Find the dissociation constant of de jo nd 0.1 molar in sodium benzoate, 
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32. a ioni 
Calculate the ionic product of water from the e.m.f. of the following cells at 25°C; 


(a) (Pt)-H; (1 atm) | KOH (0.01 m) 
2 - || KCI (0.01 m) | AgCi(s : 
(b) (PO-H, (1 E gCl(s) | Ag; e.m.f. — 1.0503 v. 
(PO-H: ( atm) | HCI (a = 1) | AgCi(s) | Ag; e.m.f. = E are Bagels: 
Assume yci- = yoH-- À 
33. At 25°C, the e.m.f. of the cell 
Glass electrode | buffer || calomel electrode 
was found to be 0.0232 volts. when buffer pH was 2.5. TI i 
a s 2.5. The e.m.f. 
an unknown buffer is used. What is the pH of the second IDE yy Jeo wells when 
buffer of pH = 6.00 were used? i at would be the e.m.f. if a 
34, Calculate (using standard values of dissociation constants), 
(a) the degree of hydrolysis of (i) 0.01 molar and 0.001 mol i 
molar KCN solution at 25°C molar Na COS solutions andi(r/) 0 

(b) the hydrolytic constants of (i) ammonium carbonate and (ii) disodium hydrogen phosph: 

35. At 25°C and at a dilution of 32 litres, the eqv. conductance of ortho-toluidi e 
chloride is 98.5 and that of HCI at the same concentration is 383. On adding REC n syao- 
of orthotoluidine to the solution of the salt, the eqv. conductance could be NEU PLA 
no further. Find out the degree of hydrolysis and the hydrolytic constant. Seer but 

36. A solution of 12.95 gm of aniline hydrochloride in 100 c.c. of 0.01 N HCl i 

HT ROS Y A " cl i 
equilibrium with 100 c.c. of benzene. The amount of aniline in benzene layer ae us e 
be 0.1 gm. What is the hydrolysis constant of aniline hydrochloride, if partition coeffi US 
aniline between benzene and water is 10. ciento 

37. The overvoltage of H, on zinc is 0.72 volt when current density is 1 ma/cm?. What wil 
be the decomposition potential of hydrogen on this electrode when the solution has a pH E ps i 


38. The overvoltage of Ha 
containing Fe* *ions (a= 1), wi 
without ‘gassing’? 

39, Calculate pH of the solutions: 

(i) 0.05 molal lactic acid and 0.122 molal Na-lactate (Kg = 1.37 x 107!) 
(ii) 0.1 molal ammonia and 0.24 molal NH,CI (Kp = 1.8 x 1075) 
40, What will be the pH of the solution obtained by mixing 500 c.c. of 0.1 M NaH,PO, and 
2 4 


100 c.c. of 0.1 N NaOH. Given K, = 7.5 X 102, K, = 62 x 107* . 
41. Show that the buffer capacity (B) of a buffer prepared from a weak acid is asus at 


the half-neutralisation point. 
Let ‘a’ and ‘$’ be the conc. of acid and alkali mixed; a7» b. The conc. of salt Cs = b, and 


final conc. of acid C; = a—b. From Henderson eqn. ; 


on Fe is 0.40 volts at a current density of 1 ma/cm*. I i 
A i *, In a sol 
hat will be lowest pH for which deposition of Fe would be poss 


l Cs Z pka + SEAR 

pH = Pka + og Gr at 3303 in 

Q(pH) _ 1 =o a | " 0b _ 540 b(a—b) 
0b ^ 2309 b L(a—D' Q(pH) a 


i.e., Buffer capacity, P = 


When b = a[2, dBldb = % that is, B is maximum or minimum at half-ni isa 
point, But à eutralisation 
ap = 230 x? which is negative. 
db? a 


Hence, the half-neutralisation point is maximum for p. 


39 


CHAPTER XIV 
ADSORPTION : ELECTROKINETIC POTENTIAL 


XIV.1. Adsorption. When a component in a heterogeneous System penetrates 
into another and spreads throughout the bulk of the latter it is regarded as absorp- 
lion, the first is absorbed by the second. Ammonia gas is absorbed by water when 
it comes in contact with it. But it is now. well-known that often a component (A), 
instead of penetrating inside another, remains relatively more concentrated near 
or on the interface i.e., surface of separation. The result is, the concentration 
of A in the vicinity of the interface is different from that in the bulk. This pheno- 
menon is called adsorption and it is necessarily related to the surface. > : 

If a finely divided solid (say, charcoal powder) is stirred into a dilute solution 
of methylene blue, the depth of colour of the solution decreases appreciably. 
Similarly if a finely divided solid is added to a gas at low pressure, the gas pressure 
is found to decrease. In these instances, the dye or the gas concentrates on the 
surface of the solid and is said to have been adsorbed. A clear-cut distinction 
between the amounts absorbed and adsorbed is not quite easy and the word sorption 
is sometimes used to include both the physical processes. ' 

The substance on the surface of which adsorption occurs is the adsorbent 
and the substance adsorbed is termed adsorbate. The magnitude of adsorption 
depends upon (i) the nature of the adsorbent and its state of Subdivision, (ii) the 
nature of the adsorbate and its concentration or pressure and (iii) the temperature. 


XIV.2. Gibbs Adso 


rption Equation. Before dealing with the experimental observa- 
tions on adsorptio 


n, it would be worthwhile to discuss it from thermodynamical 
standpoint. A relation between the amount of 
adsorption and the surface tension can be easily 
derived by considering a thermodynamical cycle 
of the following type. 
Starting with a dilute solution of volume v, 
surface area s and osmotic pressure m, We 
first allow the surface to increase at constant 
volume, then the volume is increased without 
` any change in surface. Subsequently, the original 
surface and volume are restored. Suppose the 
solution is taken in a vessel as in Fig. XIV.1, in 
which the solution is in contact with a vapour 
phase consisting only of the vàpour of the 
Solvent. The solution is kept Separated from a 
reservoir of solvent through a semipermeable 
membrane pee ie fitted with a piston A. Te 
E vessel is also fitted with another piston B by 
HS; LM pec s Which the surface area of solution may be altered. 
Let y be the surface-tension of the solution. The 

Steps are : 

1. The surface area is 


1 increased, with the help of piston B, by an amount ds, 
volume remaining constant ; the work done = —yds 


The osmotic pressure may have changed and, if s, its value should be 
ðr 
[ m+ as ds |. 
2. The volume of the solution is now increased by du, 


Solution 


by pulling out the piston 


; 9 
A, the work obtained = (^ + E ds) dv. The surface is Supposed to remain 


constant, but due to dilution the surface tension is altered to the value, 


(7+ 2a). 
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3. The surface area is now contracted to its original value, by pushing B 
back, the work obtained — ( y+ ge dv ) ds. 
v 


The osmotio presene has now come back to its initial value. 

. Finally, the piston A is pushed back to restore the origi 

solution, the work done = — dv. Sins Colbert 
The complete cyclic process is carried out isothermall i 

that the net work is nil, i.e., dicas d 


-vds + (nr) (rre) n =No] 


Or dl y 
ox OP ORI OU e (XIV.1) 


It is well established that the surface-tension y changes with concentration 
of a solution and hence with volume v. Hence equation (XIV.1) predicts that 
osmotic pressure will also vary with surface area s. But this is possible only if 
concentration (c) in the bulk of the solution also changes with alteration in mutes 
area, since 7 is proportional to c. Such a situation would arise only if the concen- 
tration in the surface layer is greater or less than that in the bulk of the solution 
| Now suppose we take a solution in which n moles of solute are dissolved in 
volume v. If P moles of solute be retained by unit area of the surface, the total 
quantity of the solute taken up by the surface is I.s. d 


Then the concentration in the bulk of the solution, c = "—T5 


So that,- v p TU DR (A) 


and (bass SAEC) 


Rewriting equation (XIV.1), a Rem E 


Substituting from (A) and (B), and remembering 7 = cRT, we have 


1 1 n cr c dy 
ee Sele ws rae 
c dy 
sor E RT dc 
MAT. e (XIV) 
RT" din c 


This is known as Gibbs adsorption equation. 


i.e., p 


dc 


the concentration in the surface layer is different from that in the bulk. Wh 
. en 


: d: M i 
Since usually © has a positive or negative value, T is not zero. That is 
"i » 


D is negative, the value of P is positive, i.e., there is positive adsorption. 1n 


1 Ur dyes TE $ J 
solutions for which zo is positive, I will be negative, there Would cos ME 


adsorption, sometimes called desorption. 


EE ——ÓÁÓÓÓOEERECEMEEMEEMGREDBÁGLELLELELCCGLELECKCáLOLLD)],1ÍÍÍT 
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For most of the solutions, the surface tension decreases with increase in 
concentration i.e., dy/dc is negative ; hence I is positive. It means an excess 


concentration in the surface layer. Adsorption is thus a thermodynamical 
necessity. 


Attempts to verify the equation was first made by McC Lewis (1908). A stream of drops of 
oil or mercury was led through a long column of caffein or dyestuff solution. The number and 
size of the oil or mercury drops were known, so that total interface-area was known. The initial 
concentration and also the concentration of the solution after the drops had passed through were 
estimated. The value of I’, the amount removed by the surface by adsorption, was thus known. 
The right-hand side was separately evaluated by measuring dy[dc experimentally. The value of I’, 
the amount adsorbed was found to be somewhat higher than that predicted by the equation. 
Donnan and Barker repeated the experiment with nonylic acid and saponin solutions through 
which air bubbles of known dimension were passed. Here also the results showed that the amounts 
adsorbed were somewhat greater than those calculated from the equation. McBain and his co- 
workers (1927) followed a different technique with solutions of camphor, amyl alcohol, phenol, 
hydrocinnamic acid etc. The terminals of a narrow trough filled with solution were coated with 


a hydrocarbon. The solution then bulged out a little above the terminal of the vessel. With 


a swiftly moving microtome blade the surface layer was cut off and collected in a metal receptacle. 
Using a sensitive interferometer, the differe: 


nce in the concentration at the surface and in the bulk 
was determined. The results a 


greed well with the requirements of the equation. The equation 
was thus experimentally directly verified. 


It is generally believed that gases are adsorbed 
effects become noticeable only when the surface 
the ad 4 mass is quite large. For this purpose, therefore, 
the adsorbent must be sufficiently porous and in a finely divided state. Charcoal, 
silica gel, platinum black, nickel powder etc. are very effective as adsorbent for 

ces to take up appreciable quantities of different 
metimes specially treated to raise their adsorbing 
from Bone or payee ae are heated to about 
F A orme. Such treatment distils away the hydrocarbon 
would read o n Qu rendering its surface free and clean where adsorption 


area of the adsorbent for a given 


1 different amounts on different adsorbents. Hydrogen 
d on nickel jue but not so on alumina surface under identi- 
Á «© Other hand, the amounts of various gases adsorbed on a 
Vi prl E 

given surface are different, This implies that the extent of adsorption also depends 


adsorbate. This is illustrated in the table here. 


TABLE : VOLUMES (x) OF GASES ADSORBED BY | GM OF CHARCOAL AT 15 
Gas 


°C UNDER 1 ATMOSPHERE 


Volume adsorbed B. pt. Cr. temperature 

o (x c.c.) CK) CK) 
M 8.2 90.2 154 
i 8.0 713 126 

2 47 203  . 33 
CH, 162 111.7 190 
CO; 48.0 — 304 
HCI 72 188 i 324 
NH; 181 239.7 406 
Cl; 235 238.5 417 
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The amounts of gases adsorbed is either measured i i 

; i l gravimetrically fr 
increase in weight of the adsorbent or volumetrically from the variation jn RE 
The diagrammatic sketches of the apparatus used are given in Fig. XIV.2. i 


Adsorbate gas 
— 


Manometer 


. XIV.2 Apparatus used for the measurement of gas adsorption. 
(a) McBain gravimetric balance (6) Volumetric apparatus. 


In the McBain gravimetric balance for adsorption [Fig. XIV.2(2)], a known amount 
of adsorbent taken in a small platinum thimble (4) is suspended from a previously 
calibrated quartz spiral. The elongation of the spiral read with a travelling micros- 
cope gives the weight of the thimble. The glass tube containing the spiral is connec- 
ted to another tube B at the bottom of which is placed a small amount of solid 
adsorbate (if necessary SUIT ounded by freezing agents). The whole tube is evacua- 
ted and finally sealed. The adsorbate tube (B) is then carefully heated electrically 
to a definite temperature, the vapour pressure being known from the temperature. 
The spiral-containing tube is also maintained at a desired temperature by carefully 
heating the same electrically. The amount of gas adsorbed is known from the 
elongation of the spiral. Measurements may be made at different temperatures. 
In Fig. XIV.2(0),. the adsorbent is taken in a container X connected to the 
adsorbate-gas reservoir Z, a calibrated gas burrette Y and a manometer M. 
The volumes of the different parts of the apparatus are previously calibrated. 
The system is first evacuated and then the gas is admitted. The pressure readings 


when ‘equilibrium is reached would enable one to calculate the volume of gas 


adsorbed. 


XIV.4. Adsorption Isotherm. The extent of adsorption on a given surface gener: 

increases with increase In pressure. At low temperatures the adebrption ce m 

increases very rapidly as the pressure rises. When the temperature is high, th 

increase in adsorption 1S relanse ie oer’ , the 
The relation between the amount adsorbed by an adsorbent an 

(or concentration) of the adsorbate at a constant temperature is cubili 


tion isotherm. This variation of adsorption with pressure i 
empirically by the expression, s often represented 


FIG. 


m «a (IVS) 


where x gms of gas are adsorbed by m gms of adsorb: 
x/m denotes the amount of gas adsorbed by unit inis gen rena E 
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are constants depending upon the nature of adsorbate and adsorbent. 7 is always 
greater than unity, which means that the amount of adsorption does not rise as 
rapidly as the pressure. Taking logarithms of both sides, equation (XIV.3) becomes 


1 
log 7 = log k + 3 108p e (XIV.4) 


This relation was extensively used by Freundlich in measurements of adsorp- 
tion and is often called Freundlich isotherm. A graphical representation of log x/m 
against log p would therefore give a straight line. The experimental values, when 
plotted, however show some deviation from linearity, especially at low tempera- 
tures. This relation is hence considered as an approximate one and is suitable 
for small ranges of pressure (F ig. XIV.3a). 


-1-88 


(a) i (b) 


-18 “14 ~10 -06 -020 


log p log C — 


Fic. XIV.3 Adsorption isotherm. (a) N; on mica at 90° Abs, 
(6) Acetic acid on charcoal at 25°C 


This isotherm is also extensively used for adsorption of solutes from solution 
and has been 


, nas found satisfactory. The pressure in the expression is replaced by 
equilibrium concentration (c) of the solute, i.e., 


1 
PSG or log xim og k 4 l log c, 2s. (XIV.5) 


| pending on the system and the temperature. 
5 d quite easily. A known quantity of blood charcoal may 
deas volumes of dilute solutions of acetic acid at different concentra- 

en at a constant temperature. The concentration of the acid at 
Freundlich from ine ermined by titration. The values of 1/n, determined by 


Solute 
Acetic acid i er 
Propionic acid i Rae e 
Butyric acid ‘ enzoic aci: 


Picric acid 


5 CO 1 it not be entirely correct, In 1916, Lang- 
muir introduced a new concept involving chemical forces, According to him, 
in the interior of the solid adsorbent, the atoms have their field of force wholly 
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satisfied by the surrounding atoms. The atom of the adso 

not completely surrounded and'these have a residual RUNE R bis lec 
trons towards the exterior. This residual field leads to sharing of electrons with 
striking gas molecules and a sort of covalency-linking is formed between the adsor- 
bate gas molecule and the surface atom. The distinction between this linkage and 
the formation of a chemical compound is that inspite of the electron sharing with 
ce-atom of the adsorbent remains simultaneously bonded 


the gas molecule, the surfa 
with the other atoms in the crystal-lattice. The adsorption is thus chemical in 


nature and hence often called chemisorption. 

It is further contended that (7) the surface of the adsorbent is a “‘chequer- 
board” of atoms upon each of which a gas molecule may be adsorbed. (ii) The 
residual field of force extends approximately up to a distance equal to that of 
molecular diameter. Hence, once the surface atoms are covered up by the gas 
molecules, no further adherence of the gas molecules would occur, i.e., the adsorbed 
gas is unimolecular in thickness. Initially every gas molecule striking the surface 
gets adsorbed, but thermal agitation has an opposite effect whereby some of the 
adsorbed molecules would evaporate off. Ultimately an equilibrium is reached 
when the rate of adsorption equals that of evaporation or desorption. (iii) Since 
adsorption would involve electron sharing, considerable heat-changes would 
occur resulting into activation of the adsorbed gas molecules. : 


Experimental evidence in support of the fact that chemical forces are involved in adsorption 
and that unimolecular layer is formed was also obtained by Langmuir. 

(i) The electron emission from a tungsten filament heated at 1900°K was observed to be 
considerably reduced when traces of oxygen at pressure 107* atm was introduced. The tungsten 
also failed to carry on the dissociation of H, into atoms on its surface in this condition nor did 
the oxygen combine with hydrogen which it normally did at 1500°K. It means that oxygen had 
covered up the tungsten surface and has formed a stable film. It has not formed the oxide WO,, 
for in that case WO, would distil away even at 1000°K. In fact, on prolonged heating tungsten 
oxide was formed which evaporated off leaving clean solid surface and electron emission was 
restored. Such a stable nature of the oxygen-film on the tungsten clearly indicated the chemical 


nature of adsorption. 

(ii) On studying the adsorption of Ns, Argon, CO, CH, etc. on smooth surfaces of glass, 
mica and platinum, Langmuir found that in every case about 0.6 x 10'* molecules were adsorbed 
per sq. cm. The constancy of this value indicated that layer of same thickness were formed in each 
case. Assuming interatomic distance on the crystal lattice to be 3A°, the number of surface atoms 
per sq. cm. is also of the order of 1075. It is therefore reasonable to conclude that unimolecular 
films are formed on the surface. : 5 

(iii) If the unimolecular film theory 1S. accepted, the adsorption of gas would increase with 
pressure and would ultimately reach a limiting value when the entire surface was covered. This 


was actually observed in many cases. — , J 
Moreover very small amounts of suitable poisons, hardly sufficient to produce a monomole- 


cular film, were able to reduce the adsorptive power of a surface to a negligible amount. In the 
case of oil films formed on liquid surface, their unimolecular nature was also directly demonstrated 
by Langmuir (see Sec. XIV.7)- All these clearly point to the formation of unimolecular layer of gas, 


during adsorption, on solid surfaces. 

Langmuir also deduced a relation between the amounts of adsorption and 
the pressure. Let p be the mass of gas striking per sq. cm of the surface per second 
of which a fraction gets adsorbed. Suppose 8 is the fraction of the surface already 
covered by adsorbed gas molecules, the bare portion of the surface where fresh 
adsorption may occur is (1— 0). Then, 1 Y d 

Rate of adsorption — a(1—4)p, an rate of desorption = B0 where a and B 
are constants for a given system. : 

At eqm. the two rates are equal, i.e., «(1—9)p. = B0 

i t ETE 

i.e., = Bt op © 205 


Now suppose 7 gm-moles of gas are adsorbed per unit area, Assuming the 
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surface to be uniform 7 is proportional to the quantity adsorbed per gm of the 
adsorbent, i.e., 


"EX 
a) Eu 


The number of molecules adsorbed per sq. cm is nWo 
number. Further suppose there are Ns atoms of adsorbent 
surface whereadsorption could take place. Thefraction of su 


where N, is Avogadro 
present per unit area of 
rface covered by adsorp- 
tion (0) is thus 1a assuming unimolecular thickness of the adsorbed layer. So 

8 

BE PRN So oer AEN o tabac 

CNG T E ap ck m5) 

remembering that N; is constant for a given System. 


From the kinetic theory it is found that p, the mass of gas striking per unit 
area is given by 


M "na 
EU [s e) s PUT) 7^. (C. 
£ y ZRT ©) 
where P is the pressure of the gas, the temperature is constant. The substitution 
of in equation (A) gives a relation between pressure (P) and the fraction of the 
surface covered (0) as 
aP ^ 
a erie oe (a is a constant) ss (6D) 
On the other hand substituting (B) and (C) in (4) we find 
power akt 
m B+ak "P 
x _ kikaP 
or WU ITEP -. « (XIV.6) 
where constant k, = a and k, = £s (a, B. and k-terms are all constants). 


This relation between the pressure and the am 


a ount adsorbed at a constant 
temperature is the Langmuir 


adsorption isotherm. Rewriting, 

pH ENS! JA 

xm 7 bette ... (XIV.7) 

That is, if P y i ; i 
’ xjm 9€ Plotted graphically against P, a straight line is predicted. This 

has actually been experimentally realised i 


n many cases of adsorption. In Fig. 
XIV.4. two such plots of vs P for n 
x/m 


itrogen and ethylene adsorption are 
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Fic. XIV.4 Langmuir adsorption isotherm 
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given which establish the correctness of Langmuir's a: i i 
adsorption layer and the isotherm based on these. REG C MSN CESS 
Two limiting cases of the isotherm are particularly interesting. (7) When pres- 
sure of the gas is very low or a is very small, k,P is negligible compared to unity 
It means 6, the fraction covered by adsorption, is quite small. In such a case» 


eqn. (XIV.6) reduces to 
x/m = kk,P see QV) 


i.e. adsorption is directly proportional to pressure. 
(ii) When the pressure 1$ very large or the surface is almost wholly covered 


by adsorption, @ is almost equal to unity we have 
= kg e © . (XIV.8) 


s limiting value corresponding to a unimolecular layer. 


Le. adsorption reaches it | 
At intermediate pressures therefore the amount of adsorption will follow a relation, 


1 
x >= kP% when = lies between 1 and 0. 


This indeed is the Freundlich isotherm. By 
Instances are known where deviations from Langmuir’s isotherm are found. 


This may be due to several causes, e.g. non-uniformity of surfaces, formation of 
multiple layers in some cases, partial 


absorption or chemical reaction of the adsor- 
bate with the adsorbent etc. ‘ 


XIV.5. Types of Adsorption. Dur 


merable investigations were ma Q 
circumstances with various Systems. A careful analysis of the results of these 


investigations has led to the inescapable conclusion that there are two different 
types of adsorption ; one 1s the chemica 
physical adsorption or van ; T 
any adsorption process usually allow it to be placed in one or the other category. 

All gases have a tendency to b 


exibit van der Waals adsorption, j c 
ules to the surface, chemisorption ensues. In both types 


in adhering the molec 1 orption € 
there is a decrease in the extent of adsorption with rise in temperature, hence 
t sses are exothermic. né. ~ 
he un der Waals adsorption, the heat of adsorption is relatively small, about 
5 Keals/mole which are of the same order as heats of vaporisation. On the other 
hand in chemisorption, larger amounts of heat of adsorption are involved, about 
20 to 100 Kcals/mole, as usually found in chemical reactions. The physical adsorp- 
tion is more pronounced at temperatures below the boiling point of the adsorbate 
whereas the chemisorption occurs usually at high temperature. The physical 
adsorption equilibrium is established rapidly and is generally reversible but in 
chemisorption the attachment 1S much stronger, the equilibrium is attained rela- 
tively slowly and is irreversible in the sense that if subsequently pressure is reduced, 
desorption may not occur. ^n physical adsorption multilayers are formed where- 
as in chemisorption most commonly & unimolecular layer occurs governed by 
Langmuir isotherm. The extent of van der Waals adsorption is more a function 
of the adsorbate than the adsorbent but the amount of adsorption in chemisorp- 
tion is characteristic of both adsorbate and adsorbent. 

Many instances of adsorption are neither one type nor the other, but a com- 
bination of the two. A typical isotherm for a chemical adsorption is often found 
as in Fig, XIV.5(a), the extent of adsorption eden with pressure and ultimately 
reaches a limiting value. In some instances of simple monolayer physical a de 
tion attended with small heat-change at low pressures and moderate temperatures 
X > 


also similar isotherm-curves are found. lvi : 
But in van der Waals adsorption involving multilayer formation at low tem- 


peratures, at least four other types of isotherm-curves are found experimentall 
These are shown in Fig. XIV.5. ve 
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varied types of adsorption was subsequently explained by a theory 
Hevea by olay Emmett and Teller. They extended the Langmuir’s 
concept and proposed that even after the formation of the monolayer, other 


" 
(3) (b) (c) 


Pressure. P—__, 


(d) (e) 


Fic. XIV.5 Adsorption isotherm 


Yn 


layers of the adsordate gas may condense on it. That is, adsorption is multimole- 
cular, though the Langmuir idea of fixed adsorption sites was retained. There is 
an equilibrium between the first layer and the adsorbent 
dynamic equilibrium exists for successive molecular layers. The forces that pro- 


uce condensation are responsible for the binding ener 
molecular layers. Th 


p 1 ( c—l|p V.9 
catch RE YES cx bi ec : 
(P=) 7 met Aue p pak: 
This is often called B-E-T equation after the names of the authors where 
v = volume of gas adsorbed under pressure P, when p? is the saturated vapour pressure 
at the same temperature, 


Vm = volume of gas adsorbed when the surface is cove 


and c = aconstant for a given adsorbate, 
adsorption in the first layer and 


red with a unimolecular layer 


such that c = e(F1-EL)/RT in which p is the heat of 


Ey heat of liquefaction of the gas. 


A simplified derivation of the B-E-T relation is given in appendix-3, 


The B-E-T relation Suggests that the plot of Ts D vs E should be linear. 


This has been found to be so experimentally which 


to obtain both Um and c. It is easy to see. 
on the surface this relation woul 


f the type IHI Er > E, the resulting curve is 
of the type III. 


For understanding types IV and V isotherms 


2 € » it is necessary to assume that 
not only multilayer adsorption occurs but also that the pores and capillaries of the 
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adsorbent are filled by condensation at a 
j i pressure much 1 i 
pressure p°. Type IV is obtained when E, > E; and type V when Ex Bc pue 
Pe 


XIV.6. Surface Area of Adsorbents. Since the adsorbent i i 

' 0. 5 i . ntis u 

E and dp oneal porous, the determination of its eo p pc 
ficult. The B-E- isotherm is now-a-days extensively em 

mination of surface areas. y employed tor Susp deter: 

The procedure depends upon finding out the volume of gas i 

form a unimolecular adsorbed layer. Generally MET An Erbe nd 

surface is studied, sometimes krypton or n-heptane, etc. are also used. We h s 

already seen how vm 1s determined from B.E.T. isotherm. In an Nether m Jof 

type II (Fig. XIV.5) the point x corresponds to the condition when ainmalecila 

layer is formed. If vz be the volume of gas at x, reduced to standard DE 

ture and pressure (Py = 1 atm, To = 273°K), then the number of gm-moles of 


. Pov 3 
gas adsorbed is RT; If B be the area occupied by each molecule of nitrogen, then 


surface area (S) covered by adsorbed nitrogen is 
P ^ 
S= xn .N.B, (No being Avogadro number). 


The value of P, i.e., area occupied by individual molecule of nitrogen i i 
from its density at its boiling point (—195°C). senis oniained 


M M t ; Nas t 
B= ( am) , (dis the density of liq. nitrogen.) 


The value of £, from this relation is found to be 16.2 A®. The surface area S is 


generally expressed in units of square cms per gm. 
Langmuir's isotherm may also be used to calculate the surface area, but the 


results are less satisfactory. There are other methods also in use now. Some of 


the results are appended below. 
CE AREAS OF ADSORBENTS DETERMINED FROM B.E.T. ISOTHERM 


TABLE : SURFA 

Adsorbent Adsorbate Area per Vol. adsorbed to Surface area per 
used molecule A? produce a mono- gm of adsorbent 

layer (sq. cm.) 

Ni Kr 14.6 = 9 x 104 

Ni n-butane 24.5 = 8.5 x 104 

Cu (fused) Na 16.2 0.09 0.39x 10* 

Fe-AlOs Ns 16.2 2.86 124 x 10* 

Silica-gel N: 16.2 116.2 500 x10: 


on Liquids. We may now turn our attention to the adsorpti 
Ims M te quantities of oil added to water will spread End RA 
thin films on the surface. Other insoluble substances such as long chain fatty 
acids like stearic acid, oleic acid etc., also spread out on the surface of water. 
The spreading is to be regarded as a case of adsorption of one liquid on another. 
When a long chain fatty acid, say stearic acid, CH;(CH;);; COOH, comes in 
contact with water, group is strongly attracted towards water while 
the hydrocarbon chain is hydrophobic and prevents it from dissolving. The net 
result is that it spreads out and generally forms, as we shall see, a unimolecular 
layer on the water surface. The study of such surface films is nowadays made with 
a Langmuir film balance as in Fig. (A4Y-07 : T 
A shallow tray is filled to the brim with water. A light mica float just less than 
the width of the trough is placed on water at a fixed position near one end 
At the extremeties of the float two thin Pt-strips are attached to prevent any leak- 
age of an oil film on the surface. The float is rigidly attached through an uns a 
ire balance placed vertically above it. It is dus 


Silk fibre to a delicate torsion WII 
Possible to mesure any lateral pressure on the float from the torsion balance 
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Near the other end of the trough is a movable compressing barrier of 
thin glass plate placed parallel to the float. The barrier is mounted on a screw 
moving along a scale, so that the area between the oat and the barrier is easily 
known. From a microsyringe a drop of a benzene solution of stearic acid of known 


HH fl 


Fic. XIV.6 Langmuir film balance 


concentration is added to the surface of water. The benzene evaporates off and an 
oily film spreads on the surface of water between the float and the barrier. The 
quantity and hence the number of molecules of stearic acid on the surface is known. 
So long the area is relatively large, the molecules in the oily film move about freely 
as is evident from the motion of the lycopodium dust added on the film surface. 
The barrier is then pushed slowly towards the float, i.e., the area of the oil film 
is reduced. In such compression of the film, initially no change in the lateral pres- 
Sure on the float is noticed from the torsion balance. But soon a critical limit 
of compression of the area is reached. Suddenly at a point the film becomes rigid, 
the dust Particles do not move and fine strain lines begin to appear on the film. 
At this point, any attempt to reduce the film area even slightly is found to register 
in the balance a sudden Steep-rise in the lateral pressure on the float. Further 
contraction of the area. crumples up the film altogether. If the pressure on the float 
is plotted against the surface area per molecule, a curve of the type shown in 
Fig. XIV.7 is obtained. At the point b, the film becomes rigid and the lateral 


(about 21A?) is obtained when other long-chain fatty acids, li itic or 
oleic acid, are used in place of stearic acid. s Poele a i 


24 
E 
FES 
B19 b 
i a 
203 5 € s e 
Area per molecule (Ad) od 3 df. 3 e Y di Y 
Fic. XIV.7 Pressure-area isotherm for Fic. XIV.8 A monomolecular oriented 


surface film on liquids surface film on water 
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it is justifiably reasoned that initiall 

he fiim and the molecules could freely ECC Hee 
on the surface. On compression of the area when the point b is reached the m de 
cules are most close-packed, the entire area is just covered by the film meele 
forming a monomolecular layer ; any attempt to compress it further is opposi a 
by the film. That the same result is obtained with different acids show Farther tha t 
the molecules in the film must be similarly oriented having their —COOH s 

in water and hydrocarbon residues away from water. The physical icr would 


be somewhat like that shown in Fig. XIV.8. 
An approximate calculation of the cross-section of a stearic acid molecule 


may be made in the following way. 

The length of the zig-zag chain of stearic acid molecule — 17 x 1.25 — 21.25À 
M 1 284 1 o 

= a = 550A? 


The volume of the molecule = PN -0.85% éxios 


Hence the cross-section of the molecule = 550/21.25 = 25.8A2 
. This estimate is in fair agreement with the experimental value from Langmuir 
film experiments. Thus, Langmuir experiments provide an incredibly simple 
cross-section. Moreover, these results are found 


method of obtaining molecular 
o the accurate measurements from X°ray diffraction. The micro- 


photographs from the infra-red spectroscopy also support the formation 
molecular thickness of the film. gano: 


From these observations, 
was not completely covered by t 


independent of the length o ( 
polar groups are present at the terminus of the molecule: —COOH, —CONH 
—COCH;, —COOR, —OH, etc. 2 
the value is observed to be about 
polar groups (Adam). Na 
These simple but convincing experiments by Langmuir and, later on, b 
Adam and others established (i) the surface films are unimolecular in thick: y 
and (ii) the molecules in the film are oriented. These features of liquid films oh 
later on, found to be present in gaseous adsorption on solids as dde 
[ See also XV.27 J. 7 
Similar monomolecular films are also expected on the liquid-liquid interface 
If stearic acid is added to an oil-water emulsion, the acid molecules would produ. : 
water interface as in air-water interface. In deas 


a monomolecular film at the oil- x L 
with function of detergents or soaps or with lubricants, such studies are.of immense 


importance. 


o R 
63A? as is expected from its containing three 


XIV.8. Applications of Adsorption. Innumerable industrial processes, starti 
the SMS of ammonia to the manufacture of alcohol or synthetic eno 
heterogeneously catalysed ractions. Most of these catalysed reactions are effected 
through adsorption of reactants on solid surfaces. Adsorption thus plays a ver 
important as well as an ex e in industry. We shall discuss this aspect Y 
heterogeneous catalysis in the next chapter. y 4 R 
The stabilisation of colloids through adsorption of ions on the particles i 
of considerable interest both from the practical and the theoretical stand point S 
The function of gas masks is based on the preferential adsorption of harmf 1 
gases present in the atmosphere by the use of suitable adsorbents in order to pu. if 
E ail for inhalation. The role of ED 5m RET Mcd of iodine and of my 
ir di tions, OT 1 arilicatio: S 3 
yes from their dilute solut ] a cepacley: n of syrups in sugar 


industry, etc. are based on its adsorption ¢ ) 
The chromatographic methods used widely nowadays in separating and analys: 


ing valuable and minute quantities of components from a mixture 

on adsorption. A suitable adsorbent, often very finely powdered dece paea 

magnesium oxide or charcoal, etc., 1S taken in a long column. Th m oxide, 

containing the components is poured down the column. As the celine solution 

down, the solute which is more readily adsorbed is retained in the 10n trickles 

of the column together with lesser amounts of the other Golnnengite E nn fa 
. Further 
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yers are easily seen and detected. 


Another application of adsorption is found in the use 


ELECTROKINETIC PHENOMENA 


SE middle parts of the nineteenth century, some crude 
which overlapped the a Y a number of Investigators revealed a set of phenomena 


XIV.9. In the early 


side of the raphrsgnt to the other, i.e., a relative motion of t 
respect to the solid phase results, This is known as electro- i - 
endosmosis or simply endosmosis. 9-osmosis or electro 

The flow of Solvent across 
of liquid in one limb and the conse 
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mately prevail when the effect of endosmotic 
flow will be neutralised by an equal amount of 
hydrostatic counterflow. 

The fine pores of a diaphragm, necessary 
for electroosmosis, are after all an agglomeration 
of numerous randomly arranged capillaries. In 
essence, therefore, an electroosmotic phenomenon 
should be observable whenever one subjects a 
dilute solution containing a fixed capillary or a 
number of fixed capillaries in it to an external 
potential field. 

Experimentally, the following significant 
observations, amongst many, have been made 
from endosmotic experiments. 

1. Under comparable conditions, fine parti- 
cles with greater adsorptive power, such as 
colloidal grains or coagulum of colloids, making 
up the diaphragm cause greater endosmotic flow 
than when the diaphragm is made up of well 

Fic. XIV.9 developed crystalline particles. 

2. For a given diaphragm, the greater the conductivity of the solution due to 
the presence of the electrolyte ions, the less is the endosmotic flow. 

II. Streaming potential : In electroosmosis, it is seen that there results a 
mechanical flow of liquid across a diaphragm or a capillary from an application 
of an electrical potential. The reverse of this process, called streaming potential, 
involves a generation of a potential difference between the liquids on either side 
of a diaphragm or a capillary, when a solvent is forced to flow through the latter 

ic pressure. tate 
yy ee OPlectiyphorestt : The third type of electrokinetic phenomenon is electro- 
horesis also commonly called cataphoresis. Fine grains of solid or liquid or gas 
held in suspension in a solvent, such as, colloidal particles of clay, emulsion globules 
or foams, move towards electrodes when an external field is applied. Electro- 
horesis, thus, constitutes a relative motion of one phase past another phase (viz. 
Dispersion medium) and is, like electroosmosis, a mechanical effect at the expense 
of an externally applied electrical field. a 

IV. Sedimentation Potential : The last of these phenomena, and incidentally, 
also the last one to be discovered, is the sedimentation Potential first studied by 
Dorn. It stands in the same relationship to electrophoresis as does streaming 

otential to endosmosis. If small grains of an insoluble solid, Such as clay particles, 
Pa allowed to fall in sufficient number through a long vertical column of dilute 
solution, an electrical potential difference can be registered between any two 
oints, not in the same horizontal plane, of this column of solution. The points 
d should preferably be far from each other and sufficient number of particles 


. should stream down the solution to cause an effect appreciably enough for experi- 


discernment. eer 
see sm double layer : Before a quantitative Interpretation of these pheno- 
mena can be taken up, it is necessary to understand qualitatively why these pro- 

ccur at all. T : 
SET eisver one insoluble phase is in contact with another liquid phase— 
say an aqueous phase—in which there may be Present or not electrolyte ions 
other than its own hydrogen and hydroxyl, an ionic distribution occurs at the 
interface of the two phases. To be specific, if we consider particles of AgI suspended 
in water containing a smail amount of potassium iodide in Solution, iodide ions 
will be adsorbed to a certain extent on to the surface of each silver iodide particle. 
This will render the surface negatively charged which would naturally drag some 
K* ions or H* ions in its vicinity. At equilibrium, therefore, one can imagine 
the existence of a double layer at the particle liquid interface. One part of the 
double layer consists of a negative layer on the surface of each silver iodide particle 
and the second part of the double layer in the aqueous phase comprises ions with an 
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itive charge predominance. In the case of a simple glass rod dipping 
X B RE the Ecc rll adeseption by the glass surface of H or OH 
ions of the aqueous medium gives rise to the formation of the double layer. ; 
In certain instances again, insoluble solids or macromolecular particles in 
colloidal solutions may be ionogenic in character and may form double layer at 
the interface through self dissociation. This is believed to happen in the case of 
protein suspensions and sometimes also in clay suspensions. So, whatever be the 
manner in which a double layer may originate, one can presume its existence at 
the junction of two phases, one of which at least is a liquid.* Electrical double 
layer necessarily implies a separation of charges and hence every electrical double 
layer is the seat of a potential difference. ; 

Different ideas regarding the structure of the double layer at an interface 
have been put forward. Helmholtz, to whom the original concept of the double 
layer is due, Gouy and Stern, all held separate views as to its Structure. The idea 
of Stern, mostly accepted nowadays, is briefly described here with qualitative 
representations in Fig. XIV.10. According to him, in the case of a solid liquid 
interface, the charges in the first part of the double layer remain fixed on the solid 
surface at /, ; the solution side of the double layer containing the counter ions can 
be divided into two parts—a fixed part (J,) of the counter ions at a distance of a 
few angstroms from the solid surface and another diffuse portion of counter ions 
with concentration gradually falling off (Fig. XIV.10a) or rising (Fig. XIV.10b) 
to that uniform value as prevalent in the bulk, say at /5. 
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ons, there exists a sharp drop of potential from the 
Itis then followed by a gi ed part (/,) „of the double layer on the solution side. 


XIV.10. Qualitative Interpretation of Electrokinetic Phenomena, 


discussion on electrical double layer helps o The foregoing 


ne to understand the four electrokinetic 
*Solid-solid, solid-gas, liquid-gas interfaces are not Considered here, 
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phenomena, which are the different manifestations of the same underlyi inci 
We shall consider here the case of electroosmosis which would DUREE 
our understanding of the remaining three phenomena. 

The application of an external d.c. voltage across the two ends of a capillary. 
with a solution filling 1t up, will cause the ions in the diffuse part of the double 
layer to move towards the respective electrodes. The ions in the bulk of the solution 
will also participate in the migration process. The capillary, being narrow, these 
ions, especially the ones 1n the diffuse part, mechanically drag along solvent mole- 
cules resulting in a net transfer. A thin layer of liquid sticks fast to the solid surface. 
On one side of this layer are the charges resting on the solid surface and on the 
other, are the oppositely charged ions of the fixed part of the double layer. With 
the electric field on, these latter ions do not respond, but ions in the diffuse part do. 
Hence electrokinetic movement involves a tangential slipping of a column of 
liquid against a thin adhering layer. | 

There is one important distinction between the nature of liquid flow through 
a capillary under hydrostatic pressure difference (a poiseuille flow) and that under 

difference (an endosmotic flow). In the first case, the velocity 


electric potential dili [ OW 
profile has a parabolic shape and in the latter it is nearly a rectangular one. (Fig. 


XIV.11 a and 2). 
c ÁTICO me au M T Ec ER n 
ds S K 
(a) Poiseuille Row (b) Endosmotic flow 
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XIV.11. Quantitative Formulation for Electroosmotic Process. Consider a very thin 
rectangular cell, having the floor and ceiling areas each equal to 1 sq. cm. Let 
this cell, which is of very small height and of cross section a, be filled with a solution. 

A uniform electric field E, applied parallel to the floor and ceiling, causes an 
endosmotic flow of the liquid leaving to solid surface with its adhering stationary 
liquid layer intact. Now, any portion of the moving liquid is subjected to two 
forces — a driving electric force and a retarding viscous force. Imagine a thin 
rectangular vol f 1 sq. cm surface area and height dx at a distance 


ume of liquid of ith a velocity V (relati h 

clang stationary layer moving wi 0 relative to the solid surface 
e steady state condition. The net retarding drag op this volume element 4 
equal to the difference of the viscous forces on its upper and lower surfaces and is 
aye eee ) 
(n)... 2 Ox | x-x4dx 


given by 
= O [(» iat às (7 = dx | 


Vv 
2-755347 a v) 


TES is volume element of liquid at a di 
driving force on this volume distance x 
IM Saar layer is Epzdx, where pz is the volume charge density at that 
distance x. 
ay 

For the steady-state, Epsdx = — 7 9x? feu) 
: lume charge density (p ; 
i isson' tion to connect volu | y (pz) with the 
Appling Poison * S x due to the combined entity of the solid surface and 
potential (pz) at a ith their charge contents, one obtains 


the stationary liquid film w! D zx 
abe iy 1j Amps or, pz — cg dr ox? oe ie. (3) 
ax? D 
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5 SN C s idered 

i ielectri tant of the medium. Only x direction is considered, 

where D uec the distance from the stationary film. This has no eon 

Gants one field E, which is entirely arbitrary. Substitution of (3) in Q) yields, 
IV DE 9. 


A- ALT 2. 4 
əx? — 4m 'Qxi 
P 90V DE dh 6 
Integrating, ds — Gran 6 « « « (3) 
av ay. = 
jue sina dx). o and also (3), =0 
hence, €; =0 : 
OV DE dyz 6 
i ay T dete -.- 46) 
After multiplying by dx and integrating once again, we have 
av = DES, | C, Pie?) 
At the stationary layer (i.e., the fixed part of the double layer) where x — 0, 
V=Oandy, = ( 
2 CG = -2E SN) 
Again at x — the middie of the cell, the velocity V = Vm and te — 0. Hence 
from (7), c, = Vin «cs (9) 
E 
Equating (8) and (9), one obtains, —Vp = pet «+. (10) 


Since Vm represents velocity of the liquid relative to that of the solid ceilin 
floor, the mi 


g or 
minus sign preceding Vin is immaterial, so that one can rewrite (10) as 
boe Am Vg 


= SDE + + + (XIV.10) 
This relation was first 
luchowski’s equation. 


v= aps 
Hence — 4n ET 
EE . ŒIV.11) 
The applied electric Potential gradient inside the cell can be expressed as 
E=i Li i = REN 
XR Xp z ka? 


where R, p and k are respectively the Tesistance, sp. resistance and sp. conductance 

of the solution inside the celi and i is the current in amperes. Utilising this 

relation for E in (XIV.11) and taking proper care of Units to express ¢ in volts, 
one gets ; 

t (volts) = Rupe x (300): 

[1 e... of potential difference — 300 volts.] 

Usually the magnitude of 7, zeta potential ranges between 1 and 50 millivolts. 

The £-potential Js greatly altered when salts ie., ions are added to the solution. 

The extent of this effect depends both on the concentration and the valency of the 

ions attracted. 


<. | (XIV.12) 
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As in endosmosis, Smoluchowski's equation (XIV.10) can be recast i 
suitable for electrophoresis, streaming potential and UD RE 
experiments. For example, the streaming potential S, under a driving pressure 
P, is related to the zeta potential by the relation, 


S = (PD/Annk ..  CXIV.13) 


Reference for further reading 


. The physics and chemistry of surfaces—Adam 

. The physical chemistry of surfaces—Adamson 

. The physical chemistry of surface films—Harkins 
. Kinetics of chemical change—Hinshelwood 

. Adsorption of gases by solids—Gregg 


tA RUD ON) 


Problems 


1. The following data were recorded in an experiment on the adsorption of acetic acid from 
aqueous solution by charcoal : 


Conc. of solution (c) 3.6 x 10° 8.4x10-  200x10- 35) x 10-*gm/c.c. 
adsorption (x/m) 0.018 0.022 0.028 0.032 


Show that the results conform to Freundlich isotherm. 
. 2. In an adsorption of a gas on charcoal the following results were obtained : 


P (dynes/cm*) 3.0 40 6.0 9,52 AO 
mass of gas adsorbed (mg/cm") x 10° 142 17.6 22.0 28.0 33.0 


Examine graphically to what extent Langmuir’s equation is applicable. 


3. At 0°C, nitrogen was adsorbed on charcoal at different pressures p. The amount of gas 
adsorbed is expressed in c.c. at N.T.P. 


Gam) 3.90 13.0 23.0 34.0 565 
b (c.c./gm) 0.99 3.00 5.05 7.00 10.4 
Plot the data according to Langmuir isotherm and find out the value of constants of eqn. 


(XIV.6). 

4. Aluminium hydroxide precipitated from a solution containing magnesium sulphate was 
found on analysis to contain 1 % MgO. The ppt. was dissolved again and reprecipitated and then 
it contained only 0.01% MgO. How do you explain this? 

5. An aqueous solution of iodine is shaken with (a) CS, and also with (b) charcoal. In each 
case some iodine was extracted. What are the differences between the two phenomena? ` 


6. 77.1 x 10-5 gms of the alcohol CH; OH produced a compact film of monolayer on a 
Langmuir film balance occupying an area of 402.7 sq. cms. Find out the cross section of the 
molecule. 

7. What are the principal features of Langmuir and Freundlich isotherms? 

The adsorption of a substance from aqueous solution on charcoal was governed by the 


x r T : t 
in 2 0,5 C%83 in which unit for x/m is PN e 
relation 7, — 05 gms per gm and concentration is expressed in 


s/litre. Find out the quantity of the substance that will be adsorbed by a j 

a litre of 0.2% solution. gm of charcoal from 
8. The adsorption of a dye from solution on charcoal is governed by thi T 

in which n = 2 and k = 6.8. The conc. of the dye is expressed in t desire: isotherm, 

adsorbed in millimoles/gm. If 10 gms of charcoal be shaken with a 01M i and the amount 


what will be the eqm. concentration of the solution? ution of the dye, 
(Ans. 0.0155 M) 


CHAPTER XV 


CHEMICAL KINETICS : CATALYSIS 


XV.1. Introduction. Chemical kinetics is the branch of physical chemistry which 
deals with a study of the speed of chemical reactions. Such studies also enable 
us to understand the mechanism by which the reactions occur. In chemical equili- 
bria, only the initial and final states were considered, the energy relations between 
the reactants and the products being governed by thermodynamics where the 
time or the intermediate states were of no concern. In chemical kinetics the rate 

- of the reaction process is followed ; in other words, the time variable is intro- 
duced. This, we shall see, reveals not only the influence of different factors on 
the progress of the reaction but it also throws light on the mechanism through 
which reactant molecules are transformed into products. $ 

There are many reactions for which the kinetic study is not possible. The 
explosion reactions and most of the ionic reactions occur instantaneously and the 
velocities cannot be measured. On the other hand, there are reactions which are 
so slow that months and years are required for any appreciable amount of trans- 
formation. In between the very fast and very slow reactions, there are reactions for 
which the rate can be measured easily : the gaseous reactions like decomposition 
of HI or N,O,, the reaction in the liquid phase like hydrolysis of ester, mutarota- 
tion of glucose etc, come under this category. 

It is a common knowledge that apart from the chemical nature, the rates of 
reaction depend on the concentration of reactants and the temperature. It will be 
seen later that many reaction rates are greatly influenced by the presence of foreign 
Substances i.e., thecatalysts. Also some reaction rates are accelerated by absorption 
of specific light waves, which are called photochemical reactions, The catalysed and 
Photochemical reactions will be dealt with in later sections. 

From the kinetic Standpoint, the reactions are classified into two groups ; 
(@) homogeneous reactions which occur entirely within one phase and (b) hetero- 
geneous reactions where the transformation takes place on the surface of a catalyst 
or the walls of a container. In the beginning we shall restrict our discussion only 
to homogeneous reaction kinetics. 
un perimental measurement of Reaction Rates. The velocity of a reaction is 
invariably studied at a Constant temperature by maintaining the reaction mixture 

i p ero of me reactants or the Terea 
€ products is followed at different time intervals. Bot 

chemical and physical methods of analysis according to suitability are employed 

Oncentration. In chemical methods, definite volume 
Eee: pO M crear d pipetted out from the reaction mixture and are imme- 
freezing of the reaction With inert media So as to "freeze" the reaction. The 
stopping the reactio, ene abruptly Slowing down the reaction or practically 
l S x n. I'he samples are then quickly estimated, very often by titra- 
tion, with suitable reagents. Use of Physical methods is often tak to as 
these are more convenient and y: Ods 1s often taken recourse to i 


example, in the flow-method two reactants come together 
and as the mixture flows through the tube at a known rate, the conductivity or 
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absorption of radiation is measured i FA 
extent of reaction at intervals of 0.01 aat definite poen AE, stream. The 
‘Rate of a Reaction. The rate of a reaction, i.e., the velocity of Ais Y : 

amount of chemical change occurring per unit time. The rate is generally, ion is the 
as the decrease in concentration of a reactant or as the increase in c y expressed 
of a product per unit time. So, if ‘c’ is the concentration of a chosen accord 


à AEG = : 
time ż, the rate is — zy Or, if the concentration of a product be x at any time f, 


dx 
the rate would be dr The reactant or the product chosen should be specified. 


The time is usually expressed in seconds. The rate will have uni ncentration 

n k : . ave i 

divided by time. The concentrations are taken in a Bae ee hence! Fate is 
> 


moles per litre per second, 


XV.2. Order of a Reaction. By stating the order of i 
} 5 1 a reaction itati 
dependence of its rate on the concentrations of reacting substance M oo indicate x. 
Ud ug toe ambe of Cont terms on which reaction rate dépend 
us, if the rate of a reaction epends on the first ion 
of reactant, i.e., power of the concentration 
Rate = kC, 
ction is said to be of the first order. When th i i 
E . e 
of two reactant concentrations or the ausis ORE. Sea n 
t, the reaction is of the second order. For example, the decomposition 


then the rea 
the product 
of a reactan 
of HI is given by, 

Rate = kC?m 


and the hydrogen-iodine reaction is given by 
Rate = kCgsCi, 


Both are second order reactions. Hence, if the ü . 2 
found to be represented by reaction rate is experimentally 
LE expen i 

-ae QVI) 


action is n. Generally speaking, if several reactants 4, B, C 
LI > 


the order of the reaction 
d it is observed experimentally that the rate of the process is 


etc. are involved an 
given by 
—de ; 
EG KC4C§CZ «.. a (XV.2) 
then the order of the reaction would be n = a+f-+-y-+... M oL 
be of the a-th order with respect to A, the B-th E en E E is said to 
The order of a reaction may thus be defined as the sum of the « etc. 
the concentration SATUS the rate equation. e exponents of 
Though theoretical y reactions of high order are i oat 
if reactions higher than third order exist. But there are Pm put it is doubtful 
is fractional, i-e., " = , 2, etc. For instance, the ortho-para hydre which the order 
—d[Hs] 3/2 ogen conversion 


s rate expressed by — g; = ee 
has its rate expr yo d kC, Similarly the rate of dissociation 


of acetaldehyde ingas phaseisfound to be governed by therelation —d[CH;CHO] 
jr (SEES 
dt 


3/2 1 ti 
—KkCOA cho ds the reactions m the order n = 3. 
In some eterogeneous OT Suriace reactions 
independent of concentration. These are DELI unc iuh Bas been fou nd'to be 
alise that the order of a reaction and the rate Me c M A 
mental results, Any attempt or theory proposed to ex lais derived from experi- 
chemical process must satisfy the rate equations T E BER 
y observed. 
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It is also seen that there is no necessary connection between the kinetic order 
and the form of the stoichiometric equation of a reaction. ] 

For the reaction, 2N,O s—>4NO, + O,, the order is one. Again, for the reaction 
CH,CHO — CH, + CO, the order is three halves (3/2). 


XV.3. Molecularity of a Reaction, The molecularity of a reaction is defined as 
the number of molecules or atoms which take part in the process of a chemical 
change. The reactions are said to be unimolecular, bimolecular or termolecular 
according as one, two or three molecules are involved in the act leading to a chemi- 
cal change. 


In the early days, no distinction was made between the order and the mole- 


In the decomposition of hydrogen-iodide, it is believed that when two mole- 
cules having sufficient energy Come together or collide, the bonds between hydrogen 
and iódine snap and new bonds between H-atoms and I-atoms are formed, leading 
to the dissociation. Since two molecules are involved, it is a bimolecular reaction. 


H-I H...I H I 

> Ne eo dod o BIN 
H-I H...I H I 
. Incidentally, the dissociation of hydrogen-iodide is als 
tion. In fact ail bi 
order reactions 


2H] — 


) O0 a Second order reac- 
molecular Teactions are of the second order but all second 
are not necessarily bimolecular. 


Again, the disintegration of thorium atom as 


Th — MsthI + a 


takes place singly and independently. It is thus a unimolecular reaction. This is 


also a Ist order reaction, 
relatively simple reactions or isolated reactions in which the reactants 


iod tity the experimental fuge e Some proposed theoretical mechanism so as 
r ere 18 also no correlation between the order and the molecularity of a reac- 
tion or between the Stoichiometric Tepresentation and the molecularity. Thus the 
gen pentoxide Stoichiometrically represented as 
2N,0, = 4NO, + O; 
has been found to be of the first orde 
as suggested by Ogg (1947) : 
(i) NO; — NO, + NO, 
(ii) NO; + NO, — NO, + O: + NO 
(iii) NO + NO; > 3NO, 
(iv) NO; + NO, — N,0; 


i.e., some steps are bimolecular, and one unimolecular. 
We may now consider the rate expressions of simple homogeneous reactions. 


r and is believed to have the mechanism 
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XV.4. First Order Kinetics. A reaction of the first order is represented as 
XY 

where X is the reactant and Y the product. Th i i i 

citate pay ty bs e rate of the reaction will be directly 
—dC 

dt 
in which C is the concentration of the reactant at any ti i 
called the velocity constant or specific reaction rate. dix deque OEE 


Rewriting, =e = kdt 


as e wets VE) 


On integration, —InC = kt + z (constant). 
If at the start of the reaction, the initial concentration i 
then we have at t = 0, C = Co. of the reactant is Co, 


Substituting, —nhnC, =z 
—I6 = kt—InC, 


Íe., 
Ci- CF. e 
Hence In Ca kt, or coe enkt 
= -ki 
ki ane » ++ (XV.4) 


The concentration (C) therefore diminishes exponentially with time. 
The rate equation may also be conveniently expressed in an alternativi 
by expressing the rate n terms of the product. When x moles per unit idum 
ed from the reactant, the concentration of the reactant is a —x 
> 


product Y is form ] 
e initial concentration of the reactant. So, 


when a is th 
dx _ kC = k 
dr EORUM o) 
dx 
ie., ge k dt 


On integration, —!n (a—x) = kt + 2" (constant) 
0, x = 0, hence —ha-z 


When! = 
"e — In(a—x) = kt — ina 
1 a 
i.e., wn M ace xX i 
rier v.s 
or so m aed) ) 
XV.4 and XV.5 are the same. 


1t is obvious that equation concentration z is not kn 
Even when the ini not known but the co: i 
at two intervals tı and 1, are known, the rate equation can be derived. is eae 
are the concentrations of product at time f, and ta, then the Correspondin, on Xa 
trations of reactants would be (a—x;) and (a—x;). We can then write heuer 
> 


a 
kt, = In and kt, = In —& 
a—X a—x, 


d—X; 
k (t5—&) -— in 2 Or (Egi pee 
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Some interesting characteristics of the first order reactions are : 


(i) In a first order reaction, C = Cye-**; the reaction cannot be complete. 
For C would become zero only at infinite time f. 


n a (C e E A s 
(ii) The quantity qx c io) 1s a ratio of concentrations, so its value 


will be the same whatever units are employed to express the concentrations, e.g., 
moles per litre, gms per c.c., partial pressures etc. It follows that the velocity 


constant k ( = = In i ) will have the dimension of reciprocal time; sec-!, 


(iii) The equation (XV.5) is In(a—x) = —kt + Ina 
or log (a—x) = —(k/2.303)t + log a. 
If log (a—x) is plotted graphically against time, it would give a straight line. 


So when a plot constructed from experimental values of (a —x) and t is found to 


be linear, the reaction is of first order. The slope of the line is —k/2.3, from which 
the velocity constant k is known. 


(v) The time required for half the reactant to change can be easily evaluated. 
Let 1, be the time required when x — a/2. 


Then 5, = Ln = 


1 a 2; R0: 
xm pU bEL TP y 


The period of half-decomposition is thus a. constant for a given reaction and is 
independent of initial concentration. The time required is often called half value 
period, or ‘half-life’ in the case of radioctive changes. 
. Not only half-value period, the time necessary to complete any definite frac- 
tion (3) of the reaction is independent of the initial concentration in first order 
netics. For, 
* 2.303 a 2.3 l 
E Ec k log 17 = constant. 


The first order Teactions are recognised from these characteristics, 


Examples of first order reactions : Quite a number 
been found to be of the first order. The thermal dissocia: 


(à 2N,0; = 4NO+0, a4 
O) CH, -N-N- cji, — (CAD = GH +HEr 


hitin ei i studied the decomposition of N,O, in the gas-phase as also in 
8o utton in solvents like carbon t i the rate of reaction is followed by 


3 were measured. From these measurements, with a knowledge 


undecomposed N;O; corresponding 


€ values were substituted in e uati .5) and 
the velocity constant k was fo quation (XV.5) 


Und out, The c 


t f i s 
the 1st order character of the reaction ; EX pis d T ire Vos Enlai doti 
DECOMPOSITION oF N20, (45°C)* 
Time in sec. pnm) kx10 see.) | Time in set, P (mm) k X 10° (sec.77) 
0 348.4 — 4800 33 4.75 
1200 185 4.81 6000 18 4.51 
2400 105 4.78 7200 10 5.15 
mem 78 4.84 8400 


5 5.90 
7 *F, Daniels, Chemical kinetics (1938), p, 9 


es 


XV.5] CHEMICAL KINETICS : CATALYSIS 633 


Daniels and Eyring studied the same d ition i 
1 ecomposition in C 
was followed by measuring the evolved oxygen with time. eae T i ie of reaction 
e in CCl, escaped 


from the solution ; other oxides of nitrogen remained in solution. 
Since two molecules of s on decompositi i S 
N:0, d position liberates one molec 
ule of oxygen. If ¥ 
. and 


V.. denote the volumes of oxygen give i 
to y n out at any time ¢ an 5 
then (V,, — V)is the amount of undecomposed N;O; at time f. R is et of reaction, 
2.303 i 
Mer og C 
t L4 d 
t is of the Ist order. Substitution of experiment 
al data revealed a 1 
constancy in the 


provided i 
confirming first order kinetics. 


value of k, 


TABLE : DECOMPOSITION OF N;O; IN CCl, SOLUTION (30°C) 


Time (sec.) (Veo —V)ec. log (Vo — 
0 84.85 1.9287 p AC 
2400 69.20 1.8401 em 
4800 57.20 17574 Rex 
7200 4715 1.6735 ei 
9600 39.00 1.5911 pe 
12000 32.18 1.5076 cious 


gives a straight line as in Fig. (XV.1) and the value 


of log (V œo — V) against time f 
Il with those recorded above. 


of k derived from the slope of the line agrees wel 

The conversion N-chloroacetanilide to p-chlo- 
roacetanilide has also been completely studied 
and found to be of the first order. The reaction was 
followed by estimating the reactant N-chloroace- TS 
tanilide at different time intervals with KI. 


Cl-C,HsNHCOCHs 


The plot 


20 


log(V«—Vi 


C,H,(C)NCOCHs > p- 
N-chloro compound liberates iodine from KI 
which is titrated with standard thiosulphate. The 
para-chloro compound does not liberate iodine 
from potassium jodide. The titre value gives the 
amount of (a— ) at any time t. The initial con- 
centration (a) is also expressed in terms of the 5 10 $ 2 

same titre. The experimental values are given in tX 107! Seconds 

the table below. The value of k was calculated Fio. XV 

Decomposition of N4O; in CCl, soln 


for 1st order kinetics. 


TABLE : CONVERSION OF N-CHLOROACETANILIDE INTO p-CHLOROACETANILIDE 


Time (t, sec.) (a—x) ESCM see" 

0 49.3 ee) 
3600 35.6 9.03 
7200 25.15 9.03 
10800 18.5 9.07 
73 8.84 


21600 
The constancy of k confirm: 
-Unimolecular Reac 


s the 1st order character of the reaction. 
XV.5. Pseudo r tions. There are a number of reacti ; 
follow the first order kinetics though more than one kind of chetaical gut which 
are involved in the reaction. Common. examples are the inversion of o ubstances 
hydrolysis of an ester in aqueous solution : ane sugar, 
a) C,,Hs0n 4 H0 = 2CH306 
Gi) CH,COOCHs + H,O = CH,COOH + CH,OH. 


In such reactions, two substances 
part, but the rate of reaction is €X 


water and cane sugar, o: 
perimentally observed a pee Ga the 
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concentration of cane-sugar or the ester. It is normally expected that rate equations 
would be 


= n — a 
O SE = ka. Cu and (i) dr = KC Cro 


But in such reactions, water is present relativel 
if the reaction is complete, the concentration 
—de 


constant. So that, a = Cue Cao = K’Csugery The reaction rate is then 


y in such large excess that even 
of water would virtually remain 


m-aqueous media to which small 


» are observed to depend upon the first power of 
Concentration of water as well. In Such conditions, the reaction behaves as one of 
the second order. 


he inversion of cane Sugar with time is followed polarimetri- 


and 


1 ao—a 2.303 àg—a 
Hence Kk —T eet = — 
t " (25—2,)— (ay 2j) t log at—a,, 
The experimental data (table below) have established the validity of this relation, 
i.e., the first order, The reacti 


> eaction is carried out in presence of an acid whose con- 
centration however remains constant throughout 


TABLE : INVERSION OF SUCROSE (25°C, 0.9 M. HCI) 
Time in min 


a; at=, k x 108 
0.0 +-24.09 +34.83 -— 
18.0 17.73 28.47 1.117 
36.8 12.40 23.14 1.112 
46.0 10.02 20.76 1.113 
id 7.80 18.54 1.113 


—10.74 


MNT d Esson (1866) showed that the reduction of potassium permanganate with a 
great excess of oxalic acid follows the first order kinetics and is governed by equation (XV.5) ; 
the concentration of oxalic acid virtually remains unaffected, 
ave Seoni Orie Kinetics, A reaction will be of the second order when the reac- 
tion rate wouid depend upon the Product of two concentrations. This may arise 
in two ways : either a Single substance may undergo a change as 


DNA S Brodnet 
or two reactants may participate in the change as 


(i) A+B —> Products 
GX aux 

If the two substances have the Same initial concentration (a) and if x denotes the 

concentration of the reactants which disappears in time t, then the rate will be 


dr = Ka-x 2 QUIT) 
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Rearranging, cm = kdt 
Integrating, m = kt--z (constant) 
when t=0, x = 0; e l =z 
a 
Hence, zx -i = Kt 
The velocity constant, k= SESS 2. (XV.8) 


When the initial concentrations of the two substances participating are 


different, say a and b, then the rate is given by 
dx 
SAC A Ecce .. (XV) 
where x is the amount of any reactant transformed in time 7. 
is d 
Rewriting, e = kdt 
1 1 1 TS 
S g [55-2] - 


Integrating; Ly L-n (99 Ib (021 — kt-4tz (constant) 


or z = 
Gite E = 
When t = 0, x = , therefore — Ip =z 
1 a—x 1 a 
Substituting ah In $c avc In E kt 
lm. b(a—x) 
ui k = qab)" a(b—*) E (XV.10) 
2.303 b(a—x) 
or k= i(a—5) log z(5— X) se AV) 


: 2.303 b(a—x) 
It may be also written as t= pab) og a(b—x) 
b(1—3X) against t for such a reaction 


which means that the plot of log 7(5—5) 


wouid be linear, a fact which has been corroborated by experimental observation in 
many second order reactions. The straight line would pass through the origin 
and from its slope 2.303/k(@ —b), the velocity constant would be obtained. 

The value of k would depend on the units employed in expressing a and b, 
for, the magnitudes of (a—b) would depend on the units used. — 

In a second order reaction where the two initial concentrations are the same, 
the equation (XV.8) is applicable. The half value period (f) for such a reaction 
is given by 


Plum ul 
fh Ce). aka ak 


EE nn 
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ie., the time required for half the amount of r 
inversely proportional to the initial concentr: 
reactions /4 is constant. 


eactant to undergo the change is 
ation (a), whereas in first order 


Examples of Second Order Reactions. A large number of reactions both in gas and in liquid 
phases have been found to be of the second order. The hydrogen-iodine reaction as also the decom- 
position of hydrogen iodide have both been studied thoroughly and observed to follow the second 
order kinetics. So also is the hydrogenation of ethylene. 

G) Ha +I, > 2HI, (ii) 2HI > H,+1, (iii) CHa +H, > C,H, 

Examples of second order reactions are found in the alkaline hydrolysis of ester, the esteri- 
fication of acids, alkaline hydrolysis of amides, diazotisation of many amines etc, 

G)  CH,COOC,H;+OH- > CH,COO-+C,H,OH 

Gi) +CH,COOH+CH,OH — CH,COOCH,-H,O etc. 


In following the kinetics of alkaline hydrolysis of esters, 


and alkali (5) are taken in a mixture. The amount of alkali consumed in the reaction at different 
times is followed by measuring the conductance of the solution or by withdrawing samples and 


titrating the same with standard acid. Thus x is known and hence (a—x) and (6—x) are also 
known. The velocity constant k is then calculated with equation (XV.1 1). 
Of the other interesting second order reactions in solution 


(a) alkyl iodides with sodium Phenoxide, e.g., 


known concentrations of ester (a) 


carefully studied may be mentioned 


C;H;L--Na0C,H; > C,H,OC,H,-+-Nal 

(b) tertiary amine and alkyl iodide to form quaternary compounds : 

- eg. C.HsNMe,+-C,H,1 — C,H;NMe,EFtl 

(c) ethylene bromide and potassium iodide in 99 % methanol : 
C,H,Br,+3KI + C,H,--KI,--2KBr. 


1 AM 
It was found to follow the second order kinetics as, ka = iGa-B In = 
XV.7. Third Order Kinetics. Only a few third order 


reactions are definitely known 
and most of the: f 


) se are concerned with nitric oxide. In the simplest case of a third 
order Teaction, we have 
3A — Products, 
So that, dx = k(a—x)8, or ax = kdt 
dt >"? G@—xF 
Integrating, sees AA zu 
; k 2 LG a +». (XV.12) 


But the nitric oxide reactions found to follow third order kinetics are 
(a) 2NO+a, = 2NOCI (c) 2NO + H, = N,O + H,O 
() 2NO--Br = 2NOBr (d) 2NO 4 O, — 2NO, 
That is, these reactions are of the type, 
2A Ap B P 
as ake — Products, 


dx 
Hence, d k(a—2x)*(5 —x) 2. (XV.12) 
This, on integration by the method of partial fractions, gives 
1 ee Ree 
k = —. s a) b(a—2x) 
t ` (2b—a)? | e a +h 265) | ss BV 
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The kinetics of the NO-reactions mentioned above have actually been observed 
to obey this relation. 


In solution, a third order reaction has been observed in the mutarotation of tetramethyl 
glucose in presence of pyridine and phenol. (J. Am. Chem. Soc..1952, 74, 2534). 


Reactions of fourth or higher order seem to be improbable and no reaction 
is definitely known to have a higher order. In general, a reaction of the nth order, 
where all the initial concentrations are the same, has a reaction rate, 


dx = — 
ETE k(a—x)" 
: : 1 1 1 
On integration, k= a-i) ta- - wt s ENT) 
This equation is applicable for all orders except when n — 1. Thus, 
1 1 1 
vim sr k= af {a= ar} Game as eqn. XV.12) 
T 1 1 
Whenn — 3/2 ; k= dux ape 
The half-value period of the nth order reaction of this type will be given by 
Ard n 1 i 
"T AED camel e a 
ht 2n-i—1 Tm ap k' 
- T k(n—l) ani ama - ++ (XV.16) 


That is, half-value period is inversely proportional to the (n—1)th 
initial concentration. )th power of the 


XV.8. Specific Reaction Rate. The velocity constant, k, used in the ; 

is equivalent to the reaction rate (dx/dt) when all the reactants are Bi cl iion, 

trations. The reaction rate is always expressed in moles per litre per s cen- 

The expressions for the reaction rates of different otders have different econd. 

of concentration. The units of k must therefore be different for different et iia 
For a first order reaction k=(dx/dt)/C, hence the dimensions EIS. 


i e of k is moles 
litre per sec/moles per litre, i.e., seo. For a second order reaction k— per 
hence k’s units would be litres mole sec. In general, the units for k ela Cs, 
tion of nth order would be given by, reac- 

moles per litre per sec. 3 : " 
moles per litre)” i.e., litres?-* molest—n sec-i 


In describing the rate of reaction or the specific reaction rate whi 

iti » Whe: 
one substance take part as reactant, it is necessary to mention the reactant t re than 
the rate refers. Thus in the reaction, © which 


2NO + Cl, = 2NOCI 
the rates may be expressed in any one of the following : 


—dC TS = 
Troci — K,CR0Ca, 3 Gat = Fi’ Co-Co ; Cn 


o ” 
dt =k iCRoCa, 
Remembering that for every mole of chlorine two 
moles of NOCI are beret | it is obvious moles of NO react and two 


ky = W, = k, 
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XV.9. Determination of the Order of a Reaction. The different methods used in the 
determination of the order of a Teaction may be considered now. In every method 


reactions, the method may lead to erroncous conclusions. 

Method of Half-value Period. The time at which half of the reactant would 
disappear is the half-value or half-life period (4). We have Seen,that the half- 
value period is constant for a Ist order reaction, and that the same is inversely 
proportional to the initial concentration for a 2nd order reaction, etc. For a reac- 
tion of the nth order, (eqn. XV.16). 


es x Us (XV.16) 


Suppose. two experiments are carried out with initial concentrations a and a’, 
then their half-value periods would be related as 


(ae Say ToR es. log 
$7 7) » or (n J) log 7 = log 


D 
log t/t 
or = C TENEAT y p "^w ie’ . 
n 1+ log aa (XV.17) 
Plotting the Concentrations against time, 1, and t can be easily obtained, 
So the order n for the reaction can be calculate: 


l - Sometimes plots of ty vs lJa, 
ki Ue n etc. are also tried, and that which gives a linear plot would indicate 
order. 
Differential Method. This method is also calle 
was int 


l d van't Hoff’s method as it 
rOduced by him. The rate of a reaction of the 


nth order is given by 


dC 

~ Gp = ken 

In two experiments with initial Concentrations C, and Ca, we may write 
—dC. 
di IN kC» =, =. kCn 
SUCUS —qC, 
Mae ( dt ) = log k-n log C, ; log (3) = log k-n log C, 
—d Lr 
log (C8) n acs) 

Subtracting, n = dt 

log C,—log C, +. (XV.18) 


t Li of the reaction. h SN t 
is plotted against log C Separately. The slope of the linear PLA ps ae? 
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than one reactant are involved. Suppose the reaction is of nth order with respect 
to reactant A and nth order with respect to reactant B. Then, 


Reaction rate = KC! CR 


Two sets of experiments are to be performed. In one set, the concentration 
of B (Cg) is to be always kept constant while (—dC/dt) should be measured for 
different initial concentration of A. These, with the help .of equation (XV.18), 
would give the value of n. Next, in the second set of experiments, the concentra- 
tion of A shall remain constant, and similar process should be repeated with differ- 
ent initial concentrations of B. From these the value of n, would be available. 
Thus the net order of the reaction (744-75) would be known. 


The conc.-time curves are to be plotted for experiments with different initial Concentrations. 
The dC [dt is then evaluated from each curve after the lapse of the same time period from the start 
of the reaction. 


Example : In the reaction between H, and NO, the following data were recorded : 


=d] 

At const. pressure of hydrogen, with pyg = 300; = = 1.03 mm/sec. 
3 —dp 

and with pxNo = 152, -d = 0.25 mm/sec. 


Hence reaction order with respect to NO is, 


_ log 1.03—1og 0.25 


"NO ^ jog 300—log 152, 21 2 


Again when pressure of NO was kept constant, 
—dp 


with pg, — 205 mm, PUES 1.10 mm/sec. 
—d, 
with pg, = 147 mm, = = 0.79 mm/sec, 
log (1.10)—log (0.79) _ 5 
Hy) dre mE vA UERUTWI UE. 


log 205—1og 147 
The reaction is of the second order with respect to NO and of the firsi 
the overall reaction is of the third order. 


—dC a o 
ie., Eei k CNo CEs 


t order with respect to Hs; 


Isolation Method. This method which was introduced b 
involves an artificial simplification of the order of a réaction by. MM (1902) 
excess of the reactants except one. Suppose a reaction is of a th order with a large 
to A, and £ th order with respect to B .Now if a large excess of B is used s Iespect 
concentration throughout the reaction virtually remains constant, th o that its 
rate will be given by > the reaction 


2 = k (Ca) (Cg? = k' (Ca) 


The apparent order (a) may be determined by any of the t 

above. The value of B can similarly be obtained by using a face methods described 
tant A. Care should be exercised in using this method for rac of the reac- 
complex one excess of some components may alter the m e reaction is a 


p me 2 
and in consequence erroneous results may be obtained. chanism of the process 


direct reactions, 
ations. But most 
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when it gives a curve instead of a straight line. Complications also arise when 

several reactions occur at the same time. These are known as simultaneous reactions. 

The simultaneous reactions may be divided into three classes : , 
(1) Side reactions (2) Consecutive reactions (3) Opposing reactions. 


XV.10. Side Reactions. When a reactant (A) gives rise to more than one independent 
product, it is a case of side reactions. 


B 


AC. 


Let a be the initial concentration of A and x be the amount disappeared in 
time t partly as B and partly as C. Then, suppose, 


d — rate of formation of B and C together. 
z = rate of formation of B = k,(a—x)” 
z = rate of formation of C = k,(a—x)” 
y dx d d 
At any moment, we have the relation, Sm = " 
Assuming Ist order for both the reactions (n = n’ = 1), 


4X — klax) + klax) = (+k a») 


Integrating, we have, Lm 5 = kı+k, = k (say) » +» (XV.18) 


The value of k can be found out by following the concentration changes in A 
pus time. But the separate evaluation of k, and k, needs a further relation between 
em. 
Remembering that at any moment, 


Tate of formation fB — k(a—x) ky _ 
rate of formation of C ^ k(a—x) k, 7 (say). 


But the ratio of the rates is the same as the amounts of B and C at any stage. 


amount of B at any stage 
amount of C at the same stage bale vs END) 


_ The estimation of B and C at some suitable stage, say at the end of the reac- 
tion, would give the value of z. Thus, k and z are both experimentally measured. 
k = k, + ka and z = k,/k, ; hence k, and ką, the individual reaction rate constants. 
can be evaluated. ^ 

The ratio of amounts of B and of C at any time interval would be the same, 
provided the orders of the two parallel reactions be the same. This is known as 
Wegscheider’s Test for side reactions distinguishing them from opposing or con- 
secutive reactions. Wegscheider test will not be applicable if order of the two side 
reactions be not the same. 


Examples : (a) Wegscheider had shown that when HCl was added to cinchonine, ordinary 


hydrochloride and its isomer were formed. The amounts of the two were in constant ratio indepen- f 
dent of the time chosen for measurement. 


cinchonine hydrochloride 
Cinchonine + HCl 3 


isomeric cinchonine hydrochloride 
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(b) Nitration of phenol gives two products ortho-and para- nitrophenols, 


NO, 


98, » (ortho-nitrophenol) 
C,H; OH + HNO, J= 


a—x b—x OmU owe (para-nitrophenol) 


dy ¿ 
The rate of formation of ortho-product : E = ky (a—x) (b—x) 


dz 
The rate of formation of para-product : PS ks (a—x) (6—%) 


Amount of y dy/dt -- kı (a—x) (b—x) - kı 
Amount of z dz [dt ks (a—x) (b—x) ka 
Thus, the Wegscheider test is applicable. 


Other well studied examples are the decomposition of ethanol vapour, of camphor-carboxylic 
acid in alcoholic solution, etc. 


= z (constant) 


C.H, + H,O (dehydration) 
C,H,OH G 
CH;CHO + H, (dehydrogenation) 


amd DAMM + CO, (decarboxylation) 


C,,H3,0.COOH + EtOH A 
camphor carboxylic acid Brem DEN + HO (esteri fication) 

Autocatalytic Reactions. Sometimes one of the products of a reactionis capable of accelerating 
the rate of the reaction. Such a reaction is called an autocatalytic reaction. Thus, in the hydrolysis 
of esters, the acid produced in the reaction also catalyses the reaction. In the hydrolysis of ethyl 
acetate catalysed by acetic acid, let the initial concentration of ester be a and of acetic acid be 5 ; 
suppose x is the amount of ester hydrolysed at time t, then 


E = kb(a—x) + kx(a—x) 
dt 


It will be seen later in homogeneous catalysis, the rate is proportional to the concentration: of the 
catalyst as well. Rewriting, 
— = k(a—x) (b4-x) 


: In ab tx) 
t(a+b) b(a—xy 


On integration and remembering when ? = 0, x = 0, we have k = 


This has been experimentally confirmed. 897 
If the intial catalyst be an acid other than acetic acid, then 
dx 


"ST. ky(a—x)b+k(a—x)x = (c b-- kx) (a—x) 


1 
This, on integration gives, kjb--k;a = — In alkıb+ kax) 
t kıb(a—x) 


Other common examples of autocatalysis is found in the oxidation of oxalic aoi, 
A h oxalic acid by KiMag, 
i ^ [ 
soln Tp tt the produet Mn'* ions &ct as catalyst, the reaction becoming faster and faster ih 
ime. Again, the dissolution of copper by nitric acid is initially slow but as nitrous acid is pro. 
duced the rate is much enhanced, for, the latter is a strong catalyst for the process, i 


41 
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XV.11. Consecutive Reactions. Consecutive reactions may be represented as 


that is, the reactions proceed from reactants to products through one or more 
intermediate stages. The overall reaction is a result of several consecutive steps. 
Every stage has its own reaction rate and velocity constant. The simplest case is 
one in which there are only two consecutive stages and the two reactions are of 
the Ist order with specific reaction rates k, and ką. 

Suppose c, is the initial concentration of A, and let c}, c, and c, denote the 
concentrations of A, B and C respectively at any time t. We have, therefore, 


Co = Cit C+C 


: d 
and, the rate of disappearance of A, — T = ke 
Hence, using eqn. XV.4, € = cek . . . (XV.20) 


Since the rate of formation of B is given by k,c, and the rate of decomposition 


of B into C is given by K;c;, the rate at which B accumulates in the system is given 
y; 


dc. 
di = ky—ky 


f de. 
That is, p» + kaca = ky, = kyege-hat 
ker da 
Or ekt, dt + ekat | kac, = kycge-kat | ekat — kaco ea - kt 


Integrating, cekat = £e. elke-ki)t + z (constant) 
2 Vi 


When t = 0, €, =0, kic, 


dS 


Hence kıco 


coekat — X [49-1 ] 


or e, = aco | eat — e-kst ] 


«+» (XVI) 


Starting with an initial concentration 

Co, the experimental determination of Cy 

and c, at any time t would enable one to 

c evaluate k, and k,. utilising equations 
(XV.20 and 21). 

Equation (XV.20) shows that the 

concentration of A falls exponentially, 


Conc. = 


whereas the amount of C will rise until it 


approaches that of A. The concentration 


: A .of B will first increase and then it will 
decrease, Showing a maximum. This is 
illustrated in Fig. XV.2. 
When maximum concentration of B is 
Fic. XV.2 Consecutive reaction, reached, de,/dt — 0. Therefore differentia- 
VES ous ting eqn. (XV.21), 


Time ——e 


) — tá 
TEIN UE CPI | 


| 
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dc, _ Kc, EL RT 
T = c | he Moke ] = 0: 
or ke = kekit de, Kk, = eki-ka)t 
= In k,—In k, 
or WE m 


This is experimentally verified. 


When one of the reaction is very fast compared to the other, the reaction will 
follow simply the kinetics of the slower process. Since 


C3 = Co—C,—Cp, Substituting from eqns. XV.20 and 21, we have, 


ko k 
aot- pp eet et] * + + @XV.22) 
When k; > Ki, C3 = c(l —e-k:!) XVos 
and when k, > ky, C3 = Co(1—e-*at) ris EN. ) 


which shows that the overall process will have a simple first order kinetics. To 
illustrate, we may cite the following reactions. * 


(a) The decomposition of dimethyl ether occurs in two stages : 


(CH;),0 —— CH, + HCHO eee (Ky) 
HCHO —+>H,+ CO . .... (ka) 


(b) The acid hydrolysis of ester of dibasic acids, e.g., diethyl succinate, 


CH,COOH 
(CH;COOEt), + H,O > | + EtOH 

CH,COOEt 

CH,COOH CH,COOH 
| +H0 > | + EtOH 
CH,COOEt CH,COOH 


(c) The decomposition of ethylene oxide is also a consecutive process : 


kı ka 
(CH:),0 — (CH;CHO) — CO + CH, 
(d) The pyrolysis of acetone also takes place through the intermediate stage of ketene, as 
(CH3CO — CH, + CH,—CO 
CH;—CO — 3C,H, + CO 


pe of simultaneous reaction is the 


j ible process, if the e uilibri i 
away from one end, then the reaction may be found to follow om RO Eg 


1 n, the very slow revers i 
ignored. But when the reaction rates are appreciable for both the fomard and EE 


consideration both the processes. 
The simplest nd the reverse reactions are of the 


k, and K; being the specific reaction rates int 
with pure A of concentration a, let x be the 


dx 
pm k (a—x) —ksx 


kya—(k, 4-k3)x. 


he two opposite directi artin 
j ections. Starti g 
concentration of B after time à thes 
> 


Il 
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Integrating, t= — LUE In (kak, Fkax) Fz 
When t= 0, x = 0, z= pgka 
: ETE i ES E: 
or ky + ke =+ Dm 2. (XV.24) 
If the eqm. constant of the reaction is K, then K = kk, se 0 (M. 25) 


From these two relations, both k, and k, can be evaluated. 


. An alternative expression is sometimes useful. Suppose x, is the concentra- 
tion of B at equilibrium, then 


e = k(a—xe)—kxe = 0, or k,— ED .. . (XV.26) 


do k,(a—xe) ka 
Hence = = k,(a—x) —k,x = k(a—x)— ae = a (xe—x) 


5 z xe Xe 
Integrating, E 3i In EVE e (XV27) 


Measurement of x as a function of time would give the value of k,. The value 
of k, will be available from equation (XV.26). — 
Example of such a reversible first order reaction is found in the process : 


0—co 
7 | 
CH;OH CH, CH, COOH = CH,—CH,—CH; + HO 
hydroxy butyric acid lactone 
Other illustrati 


) ations are provided by mutarotation of glucose and the conversion 
oF ammonium thiocyanate to thioyrea. 


peesons in which both the forward and the reverse processes are of the 
Bae ae a are also known, such as, the esterification of acids, hydrogen-iodine 


9ncept : Complex Reactions. In the derivation of the rate 
the preceding 


Pages, it has been tacitly presumed that the reactants 
aaah dir ectly to Produce the resultants. But in very few cases this actually 
appens ;in mon reactions, they are quité complex in nature. The transformation 
oce n quite a complicated fashion in several successive stages. To illustrate, 
some well-studied reactions may be cited. 
The oxidation of hydroiodic acid by hydrogen peroxide, 


H0, + 2HI = 2H,0 + ito 


has been observed to follow Second order kinetics, alth 
kani ; although three molecules 
are essentially required. The mode of change is explained with a three stage process: 
G) Hi0; + I- = H,O + OI-... (slow) 
(ii) Ol + H+ = HOI .. (fast) 
(i) HOL+ BHT — HO+K 11. (fast 
H0; + 2H* F 2]- = 2H,0 +I, 


The rate of transformation is diffe: 
(ii) and (iii) are well-known to be p 
reaction is thus dependent on the rel 


rent in different stages ; the changes in stages 
tactically instantaneous. The overall rate of 
atively slow process of stage (i). 
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Again, the decomposition of nitrogen pentoxide is 
2N,0; = 2N40, + Oa 


d to be of the first order though stoichiometrically two 
E Dee a a for the change. The mechanism of the process 
ene by Ogg (1947) consists of the following steps. 


(i) NO, — NO: + Ss 

ii) NO, + NO, — N:0; 
i NO, + NO, — NO + Os + NO, (slow) 

` Gy) NO + NiO, = 3NO; 


ird step (iii) is relatively slow compared t 
peu is pe by the rate of this step. 
SE is thus seen that many reactions which appear to be 
mplex. The stoichiometric representation has n e 
VETERES f transformation or on the order of the reaction Observed. It is because 
Edad Slo changes involved in most reactions that reactions of higher orders 
Pon et with and seem to be improbable. Even third order reactions are 
ME de nly five or six reactions are definitely known to be of the third order. 
very few ‘ch ate ia complex reactions, the overall reaction rate is determined by 
n est yf the different steps. 'The order of the reaction is the order of the slowest 
Ec d rocess. Further, most often the intermediates or unstable Species 
m PUDE aie stages, such as OI- in hydroiodic acid oxidation, would have a 
Shortlived transient existence. The concentrations of t 


he. intermediates at any 
time will be quite small and fixed. That is, the rate of formation of the intermediate 


o the other steps and the 


quite simple are indeed 
o bearing either on the 


. demi ' 
and the rate of its disappearance would be the same 3 ge = 0 This 
nstant concentration of the intermediate unstable species is commoni: 
fet a State concept, and is of invaluable assistance In interpreting the 
mechanism of most reactions. 


.14. Influence of Temperature on Reaction 
LE has a profound influence on the 
ous thermal reactions, for every ten degree ris 
reaction is doubled or trebled. The ratio, 


Rates : The Arrhenius Equation, 
reaction velocity, In homogene- 
e in temperature, the velocity of 
called temperature Coefficient, is 
kia e, 2 to 3. The enhancement of reaction rate is found With reactions in 
kt 

gaseous as well as in solution phases. Some typical data are given below. 


TABLE : REACTION RATES AT DIFFERENT TEMPERATURES 


(4) 


C B) (C) 
Decomposition of N,Os (gas) | Decomposition of CH;CHO(gas) [Reaction in alcoholic Solution 
t CHL CH, ONa>CH,OC,H, 
m | 
Temp^C | kx 10 sec | Temp °C | jk sec (mole|tit-2) Temp. °C 


k x 105 


ee | 


25 0.34 460 0.035 


Arrhenius (1889) showed t 
increases exponentially with te 
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observed that the plot of log k against 1/T gives a linear relation. He, therefore. 
suggested empirically the relation as 


E = 2L. (XV.29) 
or Ink = cd - constant s (XN:30) 
o k= Aes EIRT 


25. (XV.31) 
These are the different forms of what is commonly known as the Arrhenius equa- 
tion, correlating temperature and specific react 


ion rate. ‘A’ is called the frequency 
factor and *E' the activation energy of the reaction. Thes 


e € two quantities have 
definite values for any given reaction. 
By measuring the velocity constant k and k' at two temperatures T and T’ 
respectively, we have, from eqn. (XV.30), 
Eal 
log k = — 303R T + log A 
Pe: E 1 
log.k' = — 330ó0R T + log A 
k r E Tum 
ie., log kjk’ = — Le [55] 2 QOI2) 


Hence the activation energy E is easily obtained. 


Alternatively, a plot of log k against = gives a straight line, as shown in Fig. 


XV.3. The slope of such lines gives the value of 


E ; : 
2:303 R, from which E is evalu- 


ated. The intercept of the line would 
also enable one to find out the value of 
the frequency factor, A. 

Now suppose k, and k, are the 
velocity constants in the two opposite 


directions of a reversible process at 


temp 7. From eqn. (XV.30), 


-20 


-30 


—E, 
Ink, = Rr + z, (constant) 


and Ink, = 2 + zs (constant) 


30 32 34 38 : ky (E, —E)) 
me Subtracting, In mS Re 
Fig. XV.3 + z (constant), z = Z4—Zo. 
kı ME 
But [s — K, equilibrium constant of the reaction. 


Y6 


Hence ln K = mP +z 


where E, and E, are the activation energies of the two opposite processes. 


OK _ (Ej—E, E,—E, 
Hence, NIZA C ue UE +. (XV.33) 
3 ; ð In K 
But from van’t Hoff isochore, Sr = A 2. (XV.34) 
where AH is the heat-change of the chemical process, 
Comparing, AH = E,—E,, 
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It is obvious that E-terms in the Arrhenius equation must have units of energy. 

The heat of reaction of the process is the difference in the energy of activation of 
osing changes. 1 i 

pe SEn Aane of activation energy, E. According to Arrhenius the molecules 
must acquire a certain critical energy before they would undergo chemical trans- 
formation. This means that before the chemical reaction can occur the molecule 
or molecules involved must be raised to a higher energy level i.e., the molecules 
must be in an energy-rich or activated state before they can react. This may be 
made clear with the aid of a schematic diagram as in Fig. XV.4. 


Exothermic 


Energy —, 


Reaction Co-ordinate Reaction Co-ordinate 
Fic. XV.4 Activation energy 


The average energy of the reactant is represented by Ea and that of the 
resultant Eg, But even if EA is greater than Eg the reactant A will not be straight- 
way transformed to the product B. There is a minimum energy level for the reaction 
denoted by Ex to which the reactant molecule must be raised in order to enable 
it to undergo the chemical change. The excess or additional energy (Ex —E,) 
which the reactant must acquire in order to undergo transformation is the activa- 
tion energy, E,. Molecules, having energy Ey or above, are said to be in activated 
state and such molecules only are fit for chemical reaction. 

This idea of the activated.state (or activated complex formed from r 


k . : eactants) 
has been qualitatively presented in Fig. XV.4 plotting the energy of the system 
in relation to the reaction co-ordinate. The reaction co-ordinate is a measure of the 


approach of the reactant molecules towards the transformation, As the reactant 
molecules come together, their structural orientations, their internal vibrations, their 
relative internuclear distances etc. change and even they may make a transient 
association. The reaction co-ordinate is a measure of these Physical variations 
which necessarily involve energy-changes of the system. It does not depend on 
a single internuclear distance but all internuclear distances and structural variations 
during the transformation into product molecules. It is not possible to give any 
quantitative value for the reaction co-ordinate. It merely gives a qualitative’ des- 
cription of the conversion of reactants into products. 

After the chemical transformation, the products will have the average energy 
Eg. Hence an amount of energy (Ex —Eg) = E, will be given out. If E, — E 
the reaction is evidently exothermic as in Fig. XV.4 (I), whereas if E, — E, the 
reaction is endothermic. 7 D 

Moreover, if the reverse reaction BA is followed, the molecules of B must 
reach the level Ex by acquiring energy E; and thus be activated to be transformed 
into A molecules. Then, on reaction, the excess energy E, will be gi 3 

Š A 1 given up by the 
activated species. 

This concept that the molecules must possess the activation ener 
they can undergo the chemical change has now been universal 
reactions. It is now necessary to find out h 
realised and how the molecules behave duri 
a probe into the molecular mechanism or 
molecu es are converted into products is th eacta 
of the mechanism led to two theories, namely (i) collisi n elucidation 

ition state theory. We shall now briefly di co tsion theory and (ii) th 
transition state Ty. We shall now briefly discuss these two theories, e 
XV.15. The Collision Theory. The collision theory is based 

eaction occurs when ti on the concept ¢ 
the r he reactant molecules, Say A and B, come very RUM pt 


ly acı A je 
Inive cepte 
ow the activation of the ibn d 


ng the transformation. Ir other words 


the detailed Way by which th. 
necessary. Attempts in tie duda aat 


UM ———— D 
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Tgy at the moment of impact will 
ent of the atoms in the molecule 
leading to the reaction. Those collisions only which raise the molecules to the acti- 
vation energy level are effective in causing chemi 


cal change. fi 
That every collision will not lead to chemical reaction is easily seen. In the 
reaction 


2HI — H, +I, 


at 700°K, the number of collisions per c.c. Z zz 10?5, whereas from kinetic measure- 
ment, the number of HI decomposed per c.c. under the same condition is of the 
order of 1015. Hence every collision is not effective. 
Again, the number of collisions (Z) per c.c. in a gas phase is given by equations 
1.72 and 1.73, as 
Zi 5 zo*C,.n? = jn ERT = B4T (for gases of single species), 


or Z 


(oa+0)? 4 os Naty = B'A/T (for collision between two species) 
i.e., the number of collisions is proportional to T}. 


Hence, Z710°9Z799° = ut = 1.01. 


were effective then, for 10° 
would have been 1%. But 
en increases by 200% or more, for 10° rise i 


n found to be quite satisfactory. If the reaction be 
such as 2HI > H "ETAT A Ty. n be a gaseous one, 
and in fact the atu? he calculations for collisi 


£ excess energy equal to 
n factor, 
P^ _ DO. of activated molecules kg 
No total number of molecules ^ © 

If Z denotes the number 
in which activated molecules 
the rate of transformation per c.c. Per unit time, is 
—dn 
——— = —E|RT 
gi c A 2s. (XV.35) 
We have seen that the temperature variation Of Z is not 
But the other factor e-E/&T is quite Sensitive t 


Very conspicuous. 
for high increase in reaction rate with rise in te 


© temperature and is responsible 
mperature, 


RIT hn. | 


9 


» 
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For example, suppose E = 40000 cals/mole, then at 500°K, e-E/RT = e- — 455 x 19-28 
and at 1000°K, e-E/RT = e-? = 2.06 x 10-9. Hence, reaction velocity will increase 
2.06 x 10-9/4.25 x 10-48 or 5 x 10° times when temp. is raised by 500°C. 

Also at a const. temp. the greater is E, the smaller would be the reaction velocity. 


The collision number Z is obtained using molecular diameter from viscosity 
data. The activation energy (E) is determined from reaction-rate measurements 
at two temperatures. Thus the reaction rate theoretically can be calculated from 
equation (XV.35) and then compared with experimental value from kinetic 
measurements to test the theory. The results are found to be satisfactory for many 
gas-reactions and reactions in solution especially when the reacting molecules are 
simple. In reactions involving complex molecules, the observed reaction rates 
are markedly different from those calculated with the equation given above. 

The decomposition of hydrogen iodide is a bimolecular reaction. If c be the 
concentration of HI at any time 1, then 


—dc A 
nep ree) 
On N x 10%, where n = no. of molecules per c.c. ; Ny = Avo. number. 
de _ 10 dn 
di ^ Nd ves (B) 
Substituting (B) in (4) and eliminating c, 
lOdn  ,(nm M 
ma 7 (sm) 
dn _ io xn? 
a d ad vom 
Comparing with equation (XV.35), 
=a 0 = 
rate constant, k = wo? Ze-E/RT An * (XV.36) 


For HI-molecules, the number of collisions per c.c. (Z) is 
aL T A /SRT 
denn Ny 
Since two molecules are involved in each collision, the number EE 
colliding is 4o?n* V 


N 
Hence k= 3x10 X 40°n? TAT eEJRT 


40°No /aRT m 
= — a | TS e-EIRT 
wV ar" i ++. (XV.37) 
Substituting the standard values of o = 3.5 A, and E = en 
Bodenstein’s experiments), the value of k calculated wi 44000 at 556' 
iodide decomposition at 556°K is à with eqn. XV.37 for hy 


; a ae os 5.2 x 10-7 litres/mole-sec, 
i tal value is 3. -7 ideri ; 
E the Süresnent is jen id us sug eee the sweeping approximations 
In many other reactions, such as 
(a) C,H, + HCl > C4H,CIl 
(b) C2H4 + butadiene — Cyclohexene 
satisfactory agreement has been found betw 


(from 
drogen 


() CO + Cl, > coc 
+c 
(2) NO, 4- NO, — N40, dc. 


€en the experimental results and those 


uc" EEMEEEMEEMEEEMEEEEMEEEEEE e 
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calculated from the collision formulations. These establish not only the truth of 
the Arrhenius equation but also that the concept of the activation energy is basically 
right. s j 

E If the reaction were between two Species, the expression for k would be, 


k =(o4-+o5)?. No 4 TRT year a" . (XV.38) 
108 2u 
Theoretically the velocity constant may therefore be expressed as, 
k = A'.N/T.e-EIRT 2. (XV.39) 


where A’ is constant for a given reaction. 
The Arrhenius equation (XV.31) gives k = A.e-EIRT, 
i The frequency factor, A = AWT. 
From equation (XV.39), 


7 E ðlnk _ E+4RT 
In k — In A *ihT—w- or oT — —RT +» (XV.39a) 


Hence a plot of In k vs, 1 /T will not be a straight line. The experimental observa- 


tion of the linearity is due to the fact that 4 /n T is negligible compared to the 
other terms. 


One questionhowever arises in this connection. What is the nature and origin of the activation, 
energy? The reactin; 


Totational energies 


It has already been Stated earlier that in some re. 


of k is higher than those experimentally found. For 


actions the calculated values 
XV.35 is often Written as 


Such reactions, the equation 


Rate = PZ e-EIRT e (XV.A40) 
where P is called the steric factor or PA i : PUE 
; probability factor and it contains the disparity 
between observed and calculated i ity i 
reasons. Fora reaction € Tate constants. The disparity is due to two 


2 c many such impacts of activated molecules 
become infructuous, the Steric factor P becomes much less than unity. Secondly, 
in our calculation for activation energy only thé translational energy has been 
recognised, But there may be contributio i ibrati 


reasons correct theoretical prediction fo 
tions with large molecules. 


XV.16. Collision Theory and Unimolecular Reactions, Although the collision 
theory explains the mechanism of bimolecular reactions, but with unimolecular 
reactions, the theory apparently fails. In the unimolecular reactions which are 
also of the first order, only one molecule takes part in the 


reaction. It is generally 
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accepted that in thermal reactions molecules become activated through collisions, 
the rate of formation of activated molecules should be proportional to the number 
of two-body collisions and hence should be a bimolecular process. How then 
the observed rate of reaction could be of the first order? In a first order reaction, 
the fraction of the reactant decomposing per unit time is independent of pressure 
or concentration. Thus, with a lowering of pressure or concentration the number 
of collisions will decrease but the reaction rate will remain the same. How will 
the molecules be activated in such circumstances? In 1919, Perrin suggested that 
the molecules are activated by absorption of infrared radiations. But this view 
was found to be unsatisfactory and finally rejected. A solution to the problem 
was finally offered by Lindemann (1922) which is now considered to be the most 
satisfactory. According to Lindemann hypothesis, the molecules acquire activa- 
tion-energy through collisions, but the activated molecules decompose only after 
some time has elapsed arter the collision. That is, there is a time-lag between the 
moment of activation and the moment of decomposition. When this time-lag 
is relatively large, there is every possibility for most of the activated molecules 
being deactivated through subsequent collisions to ordinary molecules. As a 
result, the rate of decomposition will not be proportional to ai the activated 
molecules but only to a fraction which survives the time-lag. The activated mole- 
cules therefore disappear through two parallel processes, namely through deactiva- 
tion and through decomposition. These ideas may be formulated as follows : 


; RER Rate of activation, 2C^* 
() A --A A 4- A*, ate of activation, Tap sm k,CR 
ka E. —C 
(ii) A* + A — 2A, Rate of deactivation, S = kyCACa- 


k —, 
(iii) A*—» B4C (products), Rate of decomposition es = kyCae 


where A represents ordinary and A* activated molecules. 
The rate of reaction of A is the rate at which products are formed, i.e., 


Now, activated molecules are short-lived and have a small concentration at 
any time during the process. So from the steady-state principle, the rate of need 
tion of A* molecules and the rate of their disappearance would be the same. Hence. 


Kk,CÀ = ksCACAe + k3Cas 


Cac = ACÀ 
or AS MORE es 
.. —dC, k,ksC, 
<- Rate of reaction, — zy den oie khó rh <- (XV AI) 


Case (i). When rate of deactivation is very large compared with that 
position, i.e., when k,Ca > ks, we find of decom- 


—dC4A  kjks "(e 
E WEN: cd CA = k'Cy 


which is the expression for the first order. This happens when time 
large. i i 

Case (ii). When concentration C4 is lowered considerab 

ON N by collision decreases largely, then ks S> k,C,, ed aie Hd 


A we have 
—dC, 
di ‘Ck 


That is, at low concentration the process would follow a second order kineti 
netics, 


-lag is relatively 
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1 dC4 KiksCy 


Ca dt ~ BC, +k, 
As before, at high concentrations, (deactivation being prominent), 
kCa > ks. 3 
a m e Bat IE 
Hence GALE be nt. 


pe l d 
But when concentration is low, k,C4 « kg, — v eos f C. 


That such a condition really exists is seen from Fig. XV.5 where — an e vs Pi 
f 

(initial pressure) is plotted for the decomposition of azomethane (Ramsperger, 

1927). As expected at high pressures (Pj), the curve is horizontal with the pressure 

axis, and at low pressures it increases proportionally with P, The 


Ses n unimolecular 
reactions are thus explained by collision mechanism on the basis of Lindemann 
hypothesis. 


wma: dh 
sis decomposition, a = Ze-RT, as in simple 
$ 
-E 


collision theory. The experimental results at low 
pressures however showed that the decomposition rate 
is often much higher thaa the rate at Which activated 
molecules are produced by collision. For example, at 
835°K and 1 atm., the rate of activation of molecules per 
Fic. XV.5 Plot of— 1.4? c.c. in the decomposition of acetone is 54 x 1010, 


PI 


whereas 
[20 i the number of molecules decomposing Per c.c, is 
a 1.3 X10, ie, million ti 
for decomposition of azomethane 


mes greater, Similarly, in the 
pane the decomposition rate is 


10* times higher than the rate of for ecules calculated from simp 


collision theory. 
It may be remembered that in formulati 
activation energy, only two tr. 


le 


(E/RT}S-1 | e-EJRT 


GS-1)! 
: " (E/RTJIS-1 
Hence, rate of formation of activated molecules — Zi ae e~E/RT 
The pre-exponential factor is thus altered, And, x 


dink _ E—(}S—1)RT 
dT RT? 
Suitable values of S give results in conformity with the experi A lar 
i i i Petimental values. Thus, in unimolecu 
reaction, the Arrhenius ei uation for the variat; y 3 , EO 
modified, 4 Variation of veocity constant with temperature is à 


woe 


o — 
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XV.17. The Transition-State Theory. Another approach, as an alternative to the 
collision theory, to explain the mechanism of reactions has been made. This 
approach, known as the transition-state theory or the absolute reaction-rate theory 
was first outlined by Marcellin (1915) and was put in its developed present form 
in 1935 by Eyring and by Polanyi. According to this theory, the reactant molecules 
are first transformed into an intermediate energy-rich activated complex ot transition 
state. This activated complex may be formed by some loose association or bonding 
of the reactant molecules with necessary rearrangement of valence bonds and 
energy. Or if it be a unimoleculer reaction, the reactant molecule may produce 
the activated complex by rearrangement of atoms and redistribution of energy. 
In any case, the activated complex, though unstable and has a transient existence, 
is treated formally as a definite molecule with an independent entity. The activated 
complex subsequently breaks up to produce the resultants at a definite rate. 


Schematically, Reactants = Activated complex — Products. 
In considering the HI-dissociation, we may visualise it as follows : 
H-I H-—I HS T VI I 
2HI — NES IEEE i= im 
Hoag PPAR S] dri l7 Beth 


As to the activated complex, the following postulates are accepted 
(a) The activated complex is regarded as a separate entity, and it is alw; 
in equilibrium with the reactant molecules. If C4 and Cg be the concentra ns 
of reactants and C^ is the concentration of the activated complex (X) in the 
reaction, e 
A+B = X — Products, 


C+ 
ees 
the eqm. const., K Ca. Ge me (XV.42) 
or Ce — KF Ci. Cs 
The suffix (+) refers to the activated complex. DONA) 
(b) The activation energy (E) of the reaction is the additional energy Which 


the reactant molecules acquire to form the activated complex X 
the activated complex will thus be sufficient to reach T crm Eds of 
Fig. d Th rr i a £ urve in 
(c) The activated complex must have one of its vibrational d 
which would be quite unstable. This vibration is responsible foy of freedom 
the complex into the products. The vibration happens to live à ler Srupting 
amplitude to break open the complex. The frequency of such AE enough 
low and the average energy will be of the order of KT. If y be the fre will be 
this vibration, then : 3 quency of 
hy = cvb = kT (A = Planck’s constant) 
or v = KT[h ay (k = Boltzmann constant) 
Those of the activated complex attaining this frequency Of Vibrati 
shall undergo decomposition. In other words, this frequency is ee i Per sec, 
to the rate at which the complex will break up into reaction pro duc hed similar 
rate = v.C* (molecules/c.c.-sec.)  tience, 


Substituting from eqn. XV.43 ; rate = v.K*-. C4. Cp. (XV.44) 
If k, be the velocity constant of the reaction, then Tate — 
Comparing these two, we have , Se Ki Cy, Ga, 


+» (XV.45) 
or kı = LK 
to (XV.45a) 


This expression is valid not only for two reactants . it is true 
© tor any reactio 
n. 
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uilibrium constant K- can be expressed either in terms of molecular 
ME WE or in terms of thermodynamic quantities. We shall follow 
here the thermodynamic approach. The equilibrium constant K of a process 
is related to the thermodynamic potential change (AG) by the relation, f 
RTiInK = — AG. i.e., 
K = e-^G'RT 


For the formation of the activated complex, therefore, K+ — e-^G*IRT 


or rate constant, k, = A e-^G*|RT .. . (¥V.45b) 
According to this theory the activated complex is the state of maximum thermody- 
namic potential in the course of the reaction. Evidently, the specific rate of a reac- 
tion is determined by AG*, the thermodynamic potential of activation. The 
higher the value of AGF, the slower is the reaction rate at a given temperature. 

This emphasizes the thermodynamic potential change of activation as the funda- | 
mental quantity rather than the energy of activation. Again, the thermodynamic 
potential change of activation may be expressed as, 


AG* = AH* — TAS* i 
where AH* and AS* are the standard enthalpy and entropy of activation. 
[The suffix ° is dropped for convenience of writing.] 


R Eqm. constant, KF = e^SFIR e-AHFIRT e (XV.45c) 
In other words, the rate constant (k,) is given by 
z | 
ky = A . ehS* IR g- aH Rr 2. (XV.46) 


_ The difference between AJH*, enthalpy of activation 
vation (Arrhenius) is indeed smail. In fact, for reactions in solution, the two 
quantities are equal. For gaseous reactions a correction AnRT has to be intro- 

uced. Thus, without much error, it may be written as 


and E, energy of acti- 


JU RECS A 1 
[ae Aes IR g-EIRT* D (XVA7) | 
On comparing this with, the Arrhenius equation (XV.31), ky = A. e-EIRT the | 
frequency factor (A) would be, j 
— RT ast 
= ME IR ++. (XV.48) 
Se ee 5d 
*From eqn. XV.45a., dink, = i ab din K+ 
dT T dT 
But from eqn. XV.29 : dink, = niae 
dT RT? 


i d In K+ 
Hence, E = RT+RT?* ar ^ RT+AE* = RT+ AH+ — AnRT 


L.e., — AHF = —E- RT (An—1), or e-AHT[RT — e-EIRT , e-(An-1) 


where An = increase in number of molecules when activated complex is formed. So the more 


RT 


accurate expression for k, is ky, = e-(An- D eASFIR e-EJRT 


For unimolecular process, An = 0, hence k, = e. KT easte e-E|RT 
? $ 


| 
R £ if 
For bimolecular process An = —1, hence k, = e?, T easi e-E|RT | 
ü 
| 


In our discussions here, the factor e or e? is ignored, 
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It must be remembered that in the collision theory, the frequency factor A is equal 
to the collision frequency (Z) or proportional to Z (eqn. XV.40). In transition 
state theory 4 has a different meaning, it is a measure of the entropy of activation. 
On taking logarithms, equation XV.47 takes the form 


Inky = {AS*/R+In at +inT— Ze... (VATA) 


Since AS* is practically independent of temperature and InT is negligible in com- 
parison to E/RT, a plot of log k, against 1/T would be linear. This has already been 
experimentally established by Arrhenius. [Compare also eqn. XV.39a).] 

For gaseous reactions, the entropy of activation is generally negative. This 
may be qualitatively explained as follows. When two reactant molecules come 
to produce the activated complex, the total translational degrees of freedom are 
reduced (from 6 to 3) and the rotational degrees of freedom also diminish. This 
is compensated by increase in vibrational degrees of freedom. But the definite 
orientation in forming the complex necessarily reduced the entropy. The value of 
ASF is thus negative. When the reactant molecules are simple, the decrease in 
entropy in complex formation is small. But when large polyatomic molecules are 
involved there would be a large decrease in entropy. Larger the decrease in entropy 
smaller will be the value of A. In a few simple reactions, the value of A calculated 
from eqn. XV.48 corresponds to the collision frequency Z. But with polyatomic 
reactants the value of A is found to be considerably smaller due to a large decrease 
in entropy. The smaller magnitude of A (lower than collision frequency Z) has 
been explained in collision theory by introducing steric factor P for infructuous 
collisions (eqn. XV.40) and by large entropy-drop in transition state theory. 


` Rowe 8.3 x 10? 
Since vq — 6x10" x 6.6x 10 
the velocity constant, ky = 2X10! TeAS*/R e-EIRT 


= 2x 1015, 


For bimolecular gaseous reactions, it is estimated that the entropy of activation 
ranges between —10 cals/mole/degree and —40 cals/mole/degree. That is, the 
velocity constant would have the limits, 


ky = 2% 100Te-5e-EIRT and ky = 2X 100Te-20e-EIRT 
ie., it will lie between k, = IO0*Te-E/RT and k, = 10?Te-EIRT 
In many unimolecular processes, the entropy changes very little in the formati 
of the activated complex, i.e., ASF is very small and may even be posuer OA 
Hence, k, = 2x10 Te-ERr, 


Illustrations : (a) Xn the bimolecular decomposition of HI, the activation 
cals. Assuming ASF = —10 cals/degree, we have the rate constant, at 556°K, 
k = 10*Te-EIRT = 108 x 556 x e —44300/2x556 — 2,8 y 49-7 litres/mole-sec 
The experimental value is 3.5 x 10-7. Compare this with the result obtained 


energy is E — 44300 


from collisi 
formulation (eqn.XV.37). Ision theory 
(b) The conversion of cyclopropane into propylene is a unimolecular i 
of activation, E = 65000 cals, at 500°C. Process with the energy 
RT 
The rate constant k=e E eASFIR e-E|RT 


(The factor e is taken for correction in changing AH to E vide foot not. 1 
standard values, k = 4.4 x 1013 eASF/R e-65000/2x773 j € Page 654). Putting 


H 1 1 
rimentally by plott c against — i 
Expe y by plotting logy) k against T it was found to follow the relation 


65000 

log; k = 15.17 — ——— 

S : 23 RT 
Le. k = 1.48 x 1015 e-65000/RT 
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Equating the frequency factor, 4.4 x 1013 eASF/R = 1.48 x 1015 

whence ASF & 7 calories/degree/mole. 

For reactions in solution the solvation effect is involved. When two solvated reactant mole- 
cules form an activated complex, the definitely oriented solvent molecules adhering to the reactants 
move away and the restriction on motion of the solvent molecules is relaxed. There is thus an 
increase in solvation entropy. In consequence, the net entropy may increase even if real entropy 
of activation is negative. As such in many reactions in solution A S* is found to be positive. 

Reaction AS* 
(a) Fe*++ + CNS- = Fe(CNs)++ 14.0 
(6) CH,(COOH)COO- = CH,(COO),— + H+ —29.9 


d Cup, k Cg, . Ci, 
a= Tk’ Cum]Cm, o (XV.50) 
Since Cg, is in the denominator, it is likely to inhibit the process. 

No explanation of such results was available until in 1920 Christiansen, 
Herzfeld and Polanyi all independently proposed a scheme of self-propagating 
Steps in the formation of HBr. At the first stage, molecules of bromine are disso- 
ciated into atoms, The Br-atoms then carry on the Process in the following way : 


Tate constants 
Chain initiation (1) Br, — 2Br ky 
Chain propagation Q) Br+H, — HBr+H ky 
(3 H+Br, — HBr + Br Ks 
Chain inhibition (4) H-- HBr > H, 4- Br k, 
Chain-break (5) Br+Br + Bra kg 


Evidently the process is initiated with formatio 
atom then leads to the formation of HBr through 
molecules of HBr are formed and the Br-atom is regen: 


kely to continue 
generation of chains of Br-atoms a: 


Kinetic law of the process on the basis of the 
and anit have loge Ga ae ae are the active short-lived intermediates 
n tations. The steady state concept ied i 
eS we hace y € concept can be applied in 


dC, 
(A) T € f Cp, — 2CmCg, Ta ks3CRCg., oF k,CuCus;—k,C}, =0 


dC, 
(B) is = k;Cni Ca, —k,Cg CBr, —k,CaCgg, = 0 
Adding (A) and (B), ki Cg, —k Cg. =0 
k k,\t 
(C) or, Cp, = Ve Car, = keChr,, where kg = (&) 
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We also have from (B), 


ca = Lem 
K3Car, T k,Cunr 
kk, Cp, Cu, s 
Cu — 6^2 a Ta 
(D) or H Oi. T E Cum substituting from (C) 


Now, hydrobromic acid is formed by reactions (2) and (3) and disappears by 
reaction (4). So, the rate of its formation is 


C; 
(B) deas — k Css. Cis, + ks CuChc,— kaCuCns: 
From (B) we know, ksCg,Cu, — k,CuCus: = ksCnuCs:,. 
Substituting this in (E), 
dC 
UAR = 2kyCuCki, 
2kakoks Ca, Chr Cars poss 
Cas EE [substituting (D)] 
Dividing both numerator and denominator by k3Cs;,, 
dCusr _ 2k. Cu, Ck, 


dt k, Cus 
1 4 r 
ea Ches 
dCus, _ __kCu,Chr, 
or EO, E EEN e. (XV.51) 


(Kk = 2k,ks k' = k,[k;). It is the same relation found by Bodenstei 
AII the constants ky, ks etc. have been evaluated. cl ein (XV.50). 
The reaction of hydrogen and chlorine to give hydrogen chloride i 
chain-process propagated through H- and Cl-atoms. The chain is first wind Er 
by momentary exposure of the system to light or introduction of a trace of sodium- 
vapour, to produce chlorine atoms : ium- 


Initiation : Cl; +v > 2Cl or Cl, + Na — NaCl + CI 
Then the chain is propagated through repetition of : 
(a) CI+ H, > HCI +H 
(b H+Cl, > HCI 4-Cl and so on. 
The reaction rate is often greatly influenced by traces of moi 
and by glass-surfaces of the container. Free from these iter ee ay E 
molecules of HCl are formed for each initiating chlorine atom. asc 
In answer to the question as to why H,—I, reaction does not fo 


AA e : -lə react low a chain ^ 
mechanism, it is revealed that the energy of activation in t l chain 
H, is relatively high (Æ = 33 K cals) and hence it follows A I-H; > HI4- 


cular mechanism. easter path of bimole- 
Reaction : I+H,>HI+H; Br+H,> HB y 
Energy of activation 33000 18000 Breet + ti ae H+H 
cals, 


Other inorganic reactions which have been establi 
chain propagation include the formation of PA prp to proceed through 


nitrogen pentoxide; he decomposition of 
(a) Formation of phosgene (Bodenstein et al 1924) ; 
The steps are ) ; CO + Ch COCI, 
Cl, —> 2Cl 


Cl + CO — COC! 
COCI + Cl, -> COCI, + Cl 


dc, 
OW E Gi SoCs 


Una KCogchy, 


E 
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(b) Decomposition of N,O,; (Ogg, 1947) ; 2N:0, — 4NO; + O, 
The steps are N:O; + NO,+NO, 
NO, + NO, — NO; + O, + NO 
NO + N,0; > 3NO, 
NO, + NO, — N:O; 


—dC, 
When ee = kCy,o, 


Soon many other reactions, specially organic ones, were found in which the 
chains propagated through radicals. 
XV.19. Free-Radical Chains. The existence 
blished by Paneth and Hofeditz in 1929 from the dissociation of lead tetramethyl. 
The readily volatile lead tetramethyl liquid was taken in an evacuated container 
(Fig. XV.6). A stream of H,-gas at low pressure carried the vapour of lead tetra- 


methyl into the tube AB. The gases 
are taken out by a high speed va- 
cuum pump at the end B. A small 
furnace surrounds the tube AB at 
—. the point P, where a lead mirror is 
deposited from the decomposition 
of Pb(CH;),. Next the furnace is 
moved up to the point P’. A new 
mirror is deposited at P' and the 
mirror at P now slowly disappears. 
Obviously, the CH;-radicals set free 
at P' Me carried ME UE 
1 ` stream downwards and attack the 
; Fic. XV.6 Detection of free methyl radicals n SWEENID forming again Pb (CH,),. 
Rice and co-workers developed the technique and succeeded in producing and 
dealing with different radicals. In the thirtees of the century, Rice, Herzfeld and 
others explained the kinetic laws governing many organic reactions on the basis 
o Chain propagation through radicals. As an illustration we may take the thermal 
decomposition of acetaldehyde. 


The chain mechanism is initiated by the formation of a methyl radical which 
follows the 


of free.methyl radicals was first esta- 


Steps as : A 
oP Rate constant 
Chain initiation (i) CH,CHO — CH; + CHO ky 
Chain propagation (ii) CH, + CH,CHO > CH, + CH,CO ky 
: (ii) CHyCO — CO + CH; ka 
Chain breaking (iv) CH; + CH; +> CH, ke 


The steady-state concept may be applied to the short-lived intermediates 
CH; and CH;CO radicals ; their concentrations remain constant. Hence, 
dCcu, 


dt = hCcu,cno—K;Ccu,cuo. Ccu, +ksCcu,co—kyCéu, = 0 


and settee co 
t 


ll 


keCcu cuo-Cou,—ksCcu,co = 0 
‘Adding these, K,Ccu,cgo = kicen, 


k i 
or Ccu, = ( -Conscuo ) 
The rate of formation of methane, i.e., the rate of decomposition of the alde- 
hyde is 
dCcu, 
dt 


I 


k;Ccu,.Ccu,cgo 


ll 


kat 
ka (2) Cei,cHo = KC CHO 
The decomposition thus follows the three-halves kinetic order. 


— 
eT) a iia ee 
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Similar radical chain mechanism explains many other reactions, such as the 
decomposition of ethane, (Pease, 1928). 


CH, — CH, + Ha 
The steps are (1) CH, -> 2CH; 
(2) CH; CH, — CH. + CH, 
Q) CH; > CH. + H 


(4) H+GHe ., > CHs + Hs 
G) H+GH, —> CH, 


By the usual steady-state treatment, it can be shown 


dCc,m, _ 
"rnm deer 


XV.20. Branching Chain. Explosions. In the chain reactions considered thus far 
it is seen that when one free radical (or atom) disappears another is produced 
in its place along with the product and the chain is carried on. These atoms or 
free radicals are the chain carriers. With the steady state concept, the concentra- 
tion of the chain carrier is regarded as finite and small. 

In some gas-phase oxidation reactions such as the oxidation of hydrogen 
carbon monoxide, phosphine, carbon-disulphide etc. which proceed through a 
chain-mechanism, each chain carrier produces more than one free-radical. The 
result is that the concentration of the active species of chain-carrier will increase 
rapidly with time with a consequent rapid increase in the reaction rate. This in 
turn would further increase the production of free radicals. The reaction then 
occurs instantaneously and an explosion takes place. The chain is said to branch 
when an active species or chain carrier would produce more than one free radical 
or carrier. 

The hydrogen-oxygen reaction is now believed to follow the mechanism : 


(0) Ha — 2H Chain initiation 
Q) H+0O, — OH+0 A y 

G) O+H > OH+H ! Chain branching 
(4) OH +H: > HiO- H Chain propagation 


In the elementary processes (2) and (3), we find that from each atom of hyd 
gen, two radicals are produced which propagate the chain. Hence a bL HE 
of chain occurs. When the reaction proceeds to some extent, the amounts of f ing 
radicals oU be very large au an explosive reaction would occur. The Fren 

i ain carriers z lr E 
ae PES cere é may also be destroyed, mainly by collision with the 

In these reactions there are some striking features. Bel : 
the reaction proceeds slowly and S Soy. TRaediately above QE pressure, 
the reaction rate jumps to an explosion. As the pressure is further _ Pressure, 
explosion continues until a second pressure limit called the upper limit Increased, 
above which the explosion ceases mit is reached 
and a steady reaction follows. With 
further rise in pressures the reaction 
rate increases and a third limit is 
reached leading again to explosion. 
These limits are schematically shown 
in Fig. XV.7. 

The explanation is simple. At 
low pressures, the radicals reach the 
surface easily and are destroyed 
there. This rate of destruction coun- 
terbalances the increase of produc- 
tion of radicals from branching of 
the chain. The reaction therefore 
goes smoothly. 


2 
$ E 
t E 
3 = 
č Li 
E £ 
3 z 

€ 
& & 


Explosion 
Explosion 


Rate 


3rd. Limits 


Pressure. 3 


Fic. XV.7 Explosion limits 
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n 


With increase in pressure, the propagation and the branching rates increase. 
But at higher pressure the rate of diffusion of the radicals to the walls diminish 
and hence rate of destruction of radicals slows down. When a pressure P, is reached 


At still higher pressures (P, and above), the radicals 
internally in the gas than at the walls. Thethree body-co 


H + O; + (X) — HO, 


are more readily destroyed 
llisions of the type, - 


removed. The increased rate of production of radicals due 
counterbalanced, the reaction therefore proceeds smoothly. 

The third limit is often due to thermal explosion. In thes 
carried out in a closed space, the heat generated often cannot be dissipated. The 
temperature therefore rises which also increases reaction-rate and more heat 
in turn is produced. The reaction rate suddenly becomes Very rapid and thermal 
explosion takes place. 

The kinetics of a reaction involving branched chain may be considered in the 
following way. Suppose R is the active Species produced from the reactant A. 


If a be the number of chain carriers formed from each initial R, then the scheme of 
Teaction may be represented as, 


€ exothermic reactions 


ky 


ACEISOR 
A+R—+P+4aR 
k 


Ri = destruction 


“phase. That is, k, is really 
the sum of two reaction-r: i ion ofi 
wall- destruc. on-rate constants, kg for gas-phase destruction and kw for 


n order to haye a smooth reaction, the steady state condition should prevail, 


~ dCg 
that is ba Should be Zero. Hence 


dCg 
a 7 C4 — KC, Cg + ake CaCr — KkyCr. = 0 


or Cr = iC, 
"7 ETE Gy tt Sa) 
or Cr = KC, 


Kw-FEs-FK;C4 (la) . .  (XV.52) 

Generally in reactions, like those of H,—Br. - 
etc... = 1. So that Cy = k'C, ot H,—Br, or peor pesition of aldehyde 
When a is more than unity, branching of the chain is involved. 


that a is large enough to make kyC4(a—1) — ku CEP OL. tend it so I 
enormously large concentration of chain carriers is a Cn S to infinity. The 


S 1S res; i : 
rate of reaction and explosion occurs, sponsible for extremely rapid 
At low pressures, diffusion of carriers to the wall is ra 
large. So long as ky + kg is greater than k;C4(a—1) i.e. 
is greater than the rate of formation of Carriers, smooth re 
Then a limit of pressure is reached when fe 


If it so happens 


pid and hence kw is 
; Tate of destruction 
) action would prevail. 
wer Carriers reach the wall, ky falls 


osion occurs, On the 


and k,C4(a—1) becomes relatively large and finally expl 


. sence of catalysts. 
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other hand, if the pressure is raised gradually, kw will fall but kg will increase. 
And when destructive collisions in the gas-phase outweigh the branching of chain, 
Cpr diminishes and the reaction rate becomes lower. This is how the next pressure 
limit is reached. 


CATALYSIS 


XV.21. “Catalysis”. It is often seen that the velocity of a reaction is altered by the 
presence of a foreign substance which remains unchanged at the end of the reaction, 
Such substances are termed “Catalysts”. A catalyst is therefore defined as a subs- 
tance that influences the speed of a chemical reaction itself remaining unchanged, 
The phenomenon is called catalysis. When the speed of the. reaction is enhanced 
it is termed positive catalysis and if the speed is slowed down it is a case of negative 
catalysis. Thus, sulphuric acid is a positive catalyst in the hydrolysis of ester 
but it acts as a negative catalyst in the decomposition of hydrogen peroxide. 

There are some characteristic features of the catalysed reactions. (7) The catalyst 
remains unchanged in mass and in chemical composition at the end of reaction. 
But its physical form may be modified profoundly. Thus, when coarsely broken 
manganese dioxide is used to catalyse the decomposition of potassium chlorate, 
the pieces are disintegrated to a very fine powder at the end of the action. 

(ii) A very minute quantity of a catalyst can produce an appreciable effect on the 
speed of a reaction. For example : Titoff found that copper sulphate at a concen- 
tration of 107? gm-moles/litre would cause an appreciable increase in the rate 
of oxidation of sodium bisulphite by air. Bredig observed that 1.7x 10-4 gms of 
platinum in colloidal suspension would liberate 1.8 c.c. oxygen per minute from 
hydrogen peroxide and even after 10 litres of gas being produced the activity of 
platinum remained as before. ’ $ à; 

(iii) A catalyst cannot start a reaction but only increases or decreases its speed. 
The possibility of a reaction 1s determined from the criterion whether the process 
would involve free-energy decrease. But the free energy decrease would not 
indicate if the reaction would be slow or fast. Generally Speaking, if the energy 
of activation is large, the reaction would be quite slow. Sometimes the reaction 
is so slow that it is almost undetectable, but all the same the reaction is taking place, 
The catalyst functions as an agent to find out an alternative path which would 
require smaller activation energy. Usually the catalyst combines or associates with 
the reactant and the process is carried out in stages ultimately producing the resul- 
tants and the catalyst back. The catalyst gives tise to such steps in the process 
that even in the slowest of the steps, the activation energy is less than that in the 

talysed process. : 
nx The catalyst does not affect the final state of equilibrium. This indeed is à 
thermodynamic requirement. We know that the free-energy change (AF) is a 
perfect differential and is thus independent of the path of transformation. Since 
the catalyst is reproduced at the end, it does not contribute any energy to the system, 
The free energy change thus shall be the same whether a catalyst is present or not. 
Since, under standard states, 


j —AF = RT In K 


the'equilibrium constant will be unaffected by the presence of a 
As the pote n3 the ae is unchan 
ant K = kı/ka, the ratio of the velocity constants of | 

sona reactions would remain constant. Hence the catalyst su ade M deem 

of forward and reverse reactions to the same extent. Thus H*ion which a. "i iem 

the hydrolysis of an ester is also an accelerator for the esterification of dos a 

ah ~ organic 


catalyst. 
ged and the equilibrium 


In establishing this criterion of a catalysed reaction, 
evaluated in terms of activities. If measured in terms of co 
some cases appear to vary. This is due to the alterati 


the equilibrium Const 
ncentrations, the equil 
on of the activity of the com 


ant should be 
ibrium may in 
Ponents in pre- 
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It is convenient to divide the catalysed reactions into two groups, namely, 
homogeneous and heterogeneous. In homogeneous catalysis, the catalyst forms y 
a single phase with the reactants, such as nitric-oxide in oxidation of SO, in the ! 
chamber process, or acids catalysing the hydrolysis of esters. In heterogeneous 
catalysis, the catalyst and the reactants constitute separate phases and often the 
surface or interface is responsible for the catalytic effect. 


XV.22. Homogeneous Catalysis. Many homogeneously catalysed reactions have 
been studied in the gas-phase and in liquid-phase. Common examples of such 
catalysis in gas-phase are the catalytic effect of nitric oxide in the oxidation of 
carbon monoxide to dioxide or the decomposition of nitrous oxide to nitrogen and 
oxygen, iodine vapour catalysing the decomposition of ethers or acetaldehyde 
vapours, etc. The reaction rates in homogeneously catalysed reactions are invari- 
ably found to be proportional to the concentration of the catalyst. 

The uncatalysed decomposition of ethyl ether is found to be a unimolecular 
reaction with an activation energy of 53000 cals, But when it is catalysed with 
iodine vapour, the reaction is a bimolecular one with the lesser activation energy 
of 34300 cals. The reaction rate is Tepresented as 


l 
1 dx | 
dp 7 | CeunaCi, 
gu Tue fáct is that the catalyst forms an intermediate compound with the reactant 
and subsequently the Intermediate compound breaks up or reacts to yield the 

A the original catalyst. The reactant with which the catalyst 

mbines is often mentioned as "substrate". The catalyst in this way provides, 
: r activation, an alternative path for th ion i i 
rate is necessarii] a Pp or the reaction in which the 


endent on the catalyst-concentration. Thus 
. kı 
®S+cC=x; 
ks 
where S is Substrate, 


ks 
G) X —- Pc 


P products, C catalyst and X, the intermediate compound. 
The rate of formation of the product, ac 


x = k3C, 
For the intermediate X, if we invoke the Steady-state postulate, 
dC, 
a = CLOS aC, ACT 9 
ie., C; = kı GC. 
k-k 


The reaction rate, Cp _ kk, C,.C, ká 
E a EE 
It clearly shows that the rate is d eut 
a given concentration of the QU M on catalyst-concentration (C.). For 
dC, y 
amir C: 
where k' = K.Ce, ie., k' is proportional to C.. Th Lo: 
the catalytic coefficient for the catalyst. To illustrate © constant k, is known as 
(i) Oxidation of SO, catalysed with NO, : 


O;--2NO = 2NO, 
280, + 2NO, = 250, + 2NO 
280, + O, = 280, r 


the existence of NO; being experimentally confirmed, 
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(ii) Decomposition of acetaldehyde with iodine as catalyst. 


(a) CH,CHO + I > CHI + HI + CO (slow) 
(b) CHI + HI —> CH, + Is (fast) 
a eee eS 
CH,CHO — CH, + CO 


The presence of iodine enhances the speed several thousand times. The reaction 
rate is governed by the relatively slower stage (a), when the activation energy is 
32000 cals, where as the activation energy of uncatalysed process is 45500 cals. 


d; 
The rate, dr = ke. Cr, - Catdehyde = k . Caldehyde , 


where ke is the catalytic coefficient for the catalyst iodine for the said reaction. 

Homogeneous catalysis in solution : The study of various catalysed reactions 
in solution have also revealed that intermediate compounds are formed between 
the catalyst and reactant. Some instances are cited here. —— 

Hydrobromic acid acts catalytically in the decomposition of hydrogen per- 
oxide. ‘It is most likely that the reaction proceeds through the intermediate forma- 
tion of HBrO as : 

H,O, - H*--Br- -> HBrO + H,O 
(HBrO + H+ + Br = H,O + Br) 
HBrO + H:O: = Ht + Br- + O, + H,O 


2H,0, — 2H,0 + Os 


The reaction between ceric and thiosulphate ions is catalysed by iodide ions. 
The iodide ion is first acted by ceric 1ons producing iodine atom. The latter is then 
transformed back by thiosulphate into iodide ion. 


(i) 2Ce**** + 21- — 2Cett+ + I; (slow) 
(ii) Ia + 28:027 — 21I- + $6047 (rapid) 


SSS 
2Cett++ + 28.0577 > 2Ce*** + $0477 


The reaction rate depends upon the slow process (i) and hence on the concentration 
of the iodide ion. athe 
Other such examples are the oxidation by persulphates with Ag* as catalyst 
or the reaction between ceric salts and arsenites where iodide ion behaves as catalyst. 
The Friedel-Crafts reaction provides also another instance of intermediate 
compound formation. The whole reaction is supposed to occur as 


CH,Cl + AlCl, > CH;*(AICI4)- 
CH;*(AICI) + C.H, — CsHsCHs + HCl + AICI; 


CHC! + CHo > C.H;CH; + HCl 


This scheme is supported from the fact that if anhydrous AICI, with i ‘ 
radio-chlorine is used, the liberated HCl shows the same activity, ee 
change of chlorine atoms of AlCl and CHCl. The conductance heat eden 
of the solution also indicates the formation of the ionic addition und 
CH;* (AICI). 
DA ns important homogeneously catalysed reactions are those whi 
are classed as acid-base catalysis. In many liquid phase reactions, either He s 
or OH--ion or other acids and bases individually or jointly take part in ent 
activity. a 


-ion 
lytic 


XV.23. Acid-Base Catalysis. Since early days of study it was kn ; : 
of cane sugar solution as also the hydrolysis of ester are catalysed by dex Inversion 
showed that different acids have different catalytic activity, hydrochl S. Ostwald 
a much greater activity than that of acetic acid. When Arrhenius ce acid has 
trolytic dissociation was established, it was evident t| ; cory of elec. 


hat the real Catalysts are the 
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H* ions in the reactions mentioned above. The rates of reaction were found to be 


proportional to the concentration of H* ions in the system during the inversion 
of sucrose, 


H* 
CHO > C.H4:0, + C,H30, 


d = kg*Cu* C ugar 


where ky+ is the catalytic coefficient for H+ ions for the reaction. Another reac- 
tion in which H* ion acts as catalyst is the inversion of menthone. Such reactions 
which are catalysed by H+ ions only are said to be subject to specific hydrogen ion 
catalysis. A 

Similarly there are reactions which are catalysed by OH- 
are said to belong to the group of specific hydroxyl ion ca 
we may cite the conversion of acetone into diacetone alcohol 


ions only and hence 
talysis. As examples 


r t i or the decomposition 
of nitroso-triacetoneamine. 
(OH-) 
CH;COCH; + CH,COCH, ——— CH;COCH;-C(CH,),0H 
and , 
CH;—CMe, (OH-) CH=CMe, 
cog NN NO ERIN Om CO i 
CH,-CMe,/ NcH- ce, 
(nitroso triacetoneamine) (phorone) 


There are however some reactions in which both H+ 
taneously act as catalysts, probably along with water, 


i 
H,O A, OF 
XI OC Oat um -- CH,COOH + ROH + Ht 
ö 
ZNE H—O R 
H H 


+ Ht 
(b) With hydroxyl ion as catalyst 


CH,COOH + ROH 
The rate of reaction is adequately expressed as 


dx 
dt " kat Cat Coster a kon- Con- Caster Fs kn, oCH, Ceste, 
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In the beginning of this century Taylor, Dawson and others made a significant 
observation. Some reactions which were known to be catalysed by H* ion seemed 
to be also influenced by undissociated acid molecules. For examples, the decom- 
position of diazoacetic ester was catalysed by picric acid. If sufficient picrate were 
added to the system to reduce the H+ ion conc. to a negligible value, the rate of 
reaction was yet appreciably high. It was therefore concluded that the decomposi- 
tion reaction is catalysed by both H+ ion and undissociated HA molecules. This 
idea then called **dual theory of catalysis" was extended to include later all acids, as 
defined by Brónsted and Lowry, which would have catalytic effect. This is known 
as generalised acid catalysis. The reactions under this category would be catalysed 
by H*, HA and cations of weak bases. Water if present in the:system, may act 
both as an acid or as a base. An example of generalised acid catalysis is the iodina- 
tion of acetone catalysed by monochloroacetic acid (HA) and its salt. 


I, 
CH,COCH, — CH,C(OH)- CH, — CH,COCHjI + HI 
P dx ~ 
The rate of reaction, 5- = ky Cn Cs + ky,oCn,0Cs + kuaCnaCs 
where Cs is the concentration of the substrate. 

By studying the reaction rate with known but different concentrations of 
acid-salt (catalyst) mixture, it 1s possible to evaluate the K's, the catalytic co- 
efficients. ji ? ) 

Likewise, there are also reactions which are subject to generalised base cata- 
lysis. The decompasition of nitramide in solution is catalysed not only by OH-ion 
but also by Ac’, H,O, etc. The catalytic processes are 


(i) NH;NO; + OH- —> H:O + NHNO,- 


Y 
N;O + OH- 
(i) NHNO: + Ac — AcH + NHNO;7 


i 
N,0 + OH- 


| 
| AcH 
Acy + H,O 
The overall reaction rate would be 
= OON Cae RK GRE Cet Eno Cd; oC; 
Finally, there e some reactions such as mutarotation of 
sation of acetone, which are su ject to generalised acid-base cat, i zi 
and all bases including H+, OH-. HA, BOH, and anions of weak MI acids 
of weak bases have catalytic effect on these reactions. Schematically, th cations 
rotation may be expressed as : y, the muta- 
(qn) (—H*) 
GH—[HGH]:——HG 


glucose or the enoli- 


The reaction rate will be, 


dx. PN 
dU kom Con-Cs--ku* Cu Cs--kac- CAc- Cs--Kga CA C, kuoCu,oC;. 


The catalytic coefficients determined experimentall : : 
are: kon- = 6X10°, kat = 14x103, kas- = Dn reaction at 291°K 
kg,o— 6% 107. > kuac = 2x 10-8, 
That both acids and bases are active in catalysin 
t 3 
demonstrated from the study of mutarotation of Meet Pet is convincingly 
of water, if the reactant is taken in base pyridine the rate ^ glucose. In absence 
ifit is taken in acid meta-cresol, there is hardly any uui b V. Similarly 
lon. But if the 
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tetramethyl glucose is taken in a mixture of m-cresol and pyridine, the reaction 
is largely catalysed. The reaction thus requires the presence of both an acid and 
a base—a case of generalised acid-base catalysis. 

Primary Kinetic Salt Effect. Due to electrostatic interactions, the kinetics of 
reaction between ions deviate from those observed in reaction between non-electro- 
lytes. The velocity constants of ionic reactions, it will be seen, depend upon the 
charges of the reacting ions and also the ionic Strength of the solution. The effect 
of ionic strength (p) on the rate constant is called the primary kinetic salt effect. 
A very satisfactory treatment of this matter was first made by Brénsted (1922) 
and later on by Bjerrum. It has been postulated that the ions, say AZA and BZB 
first form an activated complex (A.B)ZA*ZB which Subsequently decomposes to 
yield the products. The complex formed at any time has a small concentration 
and it is in equilibrium with the reactant ions, ie., 


kı ks 
AZA --B78 == [A.B ]Z^*Za —» Products 
ka 


where Za, Zp, etc. are the charges of the respective species ; X- 
constants. — Y 

The equilibrium constant is given by 

Czfz . 
() ke = e fas 
aade — (Ca.fA) (Cn. fa)’ 

in which a's Iepresent activities, C's concentrations and f’s activi 
the suffix ‘x’ indicates the complex formed. Rewriting, we have 


(2) Cz => K*.c, cs, fah, 


terms are velocity 


ty coefficients ; 


Now the rate of formation of the product, i.e., rate of reaction is 


dc, : 
e = k,Cz = s K* Cp Cy, fafa 


dC, : i 
G) or =F = ks fn CA.Cp (Puttting k,K* = k 


o Constant) 
But for the bimolecul i i 

i ar reaction between A and B ions 
reaction may be expressed as 


dC, 
(4) E = kC4.CB, 


the experimental rate of 


where k is the experimentally evaluated rate constant. 
Comparing (3) and (4, wehave k—k RS 
(5) or logk 


r = log ky + log fa + log fa — log fz 
Applying Debye-Hückel’s relation, the activity 


in terms of ionic strength i 3 log f = —0.509 z2/7 ne may be expressed 
Hence, log k = log ky — [0.509 21 + 0.509 z8 — 0.509 (za +z) Viz 
or logk =logk, + 1.018 ZAZg Vi. 


. + (XV.52a) 


against v/i for 
1.018 ZAZg and 


This is known as Brónsted-Bjerrum equation. A plot of log k 
aqueous solution (25°C) would be lin i E 
mercant log ko. sar and its slope would be 
The plot of log k/ko vs. i would be li 
ing on z4.zg, i.e., the charges of the reacting 
(i) When za and Zg are of the same sig 
would increase with Vi. 
(ii) When z4 and zp are of opposite sign, 
would decrease with /i . 
(iii) When one of the reactants is uncha 
would be independent of i, ; 


near, the slope of 
lons. Three specia] 
n, ZAZg is positive, 


the line depend- 
Cases may arise : 
the rate constant 
ZA7p iS negative, the rate constant 


TBed, zazp is zero, the rate constant 


! 
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These predictions have been confirmed from experimental results. In Fi 
(XV.7a), plots of log k/ko against v/i are given for reactions of ions sera 
zy. 7g Values. The lines indicate the theoretical predictions from equation XV.52 
and the dots are the experimental data. ume 


1. 2/CO(NH;); Br]** + Hg** + 2H;O 
— 2[CO(NH3); H30]*** +HgBr, 
2. 2I- + $S0,77 > Ia + 280.7 
3. Inversion of sucrose solution 
4. H:O, + 2Br- + 2H* — 2H;0 + Br 
5. [CO(NH3); Br]** + OH- > 
[CO(NH;); OH]** + Br- 


Fic, XV.7a Rate constant variation with ionic ‘strength 


XV.24. Heterogeneous Catalysis. In hetero à 
serves as a catalyst and the reactants are e aie ated Teactions, a solid 
One or more of these reactants are adsorbed on the aunties A liquids in others, 
or rather chemisorbed on the surface. This indeed is quite simil ot the solid catalyst 
of intermediate complexes with catalysts envisaged in ho arto the formation 
The adsorbed reactant needs a lower activation energy TOR Deos catalysis. 
hence the chance of occurrence of the chemical reaction t or transformation and 
thus provides an alternative path for the reactiòn to POE grass The surface 
rate. In many cases, the heat of adsorption leads to th eed in an accelerated 
and the reaction takes place easily. e activation of the reactant 

A reaction taking place on a $ i 
dept P Surface is supposed to consist 

(i) Diffusion of gases to the surfa 
(ii) Adsorption of the gases on the sulle 
(iii) Reaction on the surface 


(iv) Desorption and diffusion of the products from the surf. 
Surface to 


of four consecutive 


Of these the diffusion processes (i) and (i the bulk, 
4 iv) are : 
and normaly 3o: pnt play any part in the HA s peeled believed to be rapid 
The molec 1 are adsorbed on the surface rmination of the K 
oing chemical transformation. Accordi are really suitable fo Pe 
T under- 


: AD. | ding to moder SA 

and desorption equilibria are easily attained ; it is the cop inking, the adsorption 
ration of the 

reactant 
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molecules on the surface on which the reaction-rate would depend. In its quantita- 
tive treatment, the Langmuir concept of unimolecular film on the surface is accepted 
whereby a complex betwen the surface atoms and the reactant molecules is formed 
through valence forces (i e., chemisorption), as explained in Sec. XIV.4. In such 
circumstances, the concentration of the adsorbed molecules on the surface layer 
at any instant is proportional to the fraction of the surface (0) covered. The rate 
of reaction will also then be proportional to the covered portion of the surface, i.e., 


d. 
T= 2. (XV.53) 
where z; is a constant. 


We have seen in Langmuir adsorption isotherm that the fraction of surface (6) 


covered by adsorption is related to the pressure (p) of the gas by the relation 
[eqn. XIV.4(D)] 
es gs 
x gue) +». (XV.54) 
The reaction rate therefore would be given by à 
dx _ —dp _ ap 
db ONES Tap e (XV.55) 


If A, B denote the reactant molecules and S the s 
process may be visualised as follows : (Fig. XV.8). 


las LATE is Fils S e PIE IN * Products 
AQAA? See ees 


urface atom of the solid, the 


A A---B 
DA*824 AA C +. VW AAAUAAE * Products 


.B 
A AU 
MA+e+ Fs oa ADAC AAA A AX *Products 


Fig. XV.8 


es on the surface as in (1), 


he surface and the other fi 
react with the adsorbed one as in (III). These are taint 


pictures of the transformations. Let 


certainly the most simplified 
simple cases. 


us now consider the re 


I. Dissociation of a single substance on a solid surface. Generally speaking, 
$ Ex e, ap 
the reaction rate, ie 2.0 = A PS 
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The kinetics ‘however will be different under different circumstances depending 
upon the extent of adsorption. 
(i) When the adsorption is slight either due to very low pressure or due to the 
low adsorption-capacity of the surface, (i.e., a is small), or ap becomes negligible 
compared to unity, 


—d, 
ae = z.ap = kp. 
On integration, Ia i In Po. 
; TEE. s. s (XV.56) 


where p, — initial pressure of the gas. ` 
In other words, with low adsorption of the gas, the reaction will behave as one 
of the first order. Instances of such reactions are found in the dissociation of HI 
on platinum, decomposition of N,O on gold, decomposition of phosphine on glass 
etc. > 
(ii) When the pressure is very high or the adsorbing capacity of th ‘ 
for the reactant is quite high, 0 is almost unity, or ap ® 1. In Bick a oa 
> 


Zd _ ap _ z ; 
dt api se t (XV.57) 


i.e., the reaction-rate is constant or independent of pressure. A reaction i 
ip Aon : . o 
this relation is called a reaction of zero order. Such cases have been mE 
in the dissociation of HI on gold, ammonia on tungsten. 
(iii) When the adsorption is moderate i.e., neither high nor low, the i 
rate is expressed by equation (XV.55), which may be approximated to Mi 


—dp 
dt 
ie., n will be a fraction. The order of the reaction will be a fractional one, e g 


the decomposition of stibine on antimony has been observed to have 2 i 
order of 0 6., as : a fractional 


= kıp”, where l>n>0 


—d 
E = KkQpes, 


JI. Two reactants undergo change on the surface. 


Let us now take a reaction in which two molecules A and B 
having occupied neighbouring sites. Suppose 6, and 6, are etas peius 
surface covered by adsorption of A and B respectively, so that the porti PRAE the 
remaining vacant is (1 — 0 — 8»). ‘ lon of surface 
At equilibrium, the rates of adsorption and d i 
The same will also hold true for B. Sol “sorption of A would be equal. 


kK, (1—0,—®)py = k' 0, 1 
and k(1—0,—0)p. = k0 ++. @ 
where p, and p; are partial pressures of A and B. t (i) 
Dividing (ii) by (i) (es Keak p 8, 
Fi p, to (iii) 
Substituting (iii) in (i) g pe kp 
i Kitap + Shp, D y) 
and from (ii), On kapa 


k, kik’, ek 
s Kop, -- PF. i Q) 
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í i zm .58 
The rate of reaction will be EH D z0,0, une AVB) 


Three different cases are of special significance. 


; : ; 7 R T 
. Each gas is adsorbed very slightly, i.e., both 0 and 0' are quite sma 
meen unity. In such an event, the reaction rate will be 
=~ = 20,0, = z. Sedim = kpypo ... (XV.59) 
172 
It means the rate will be one of second order. Examples of this type are found in 


the hydrogenation of ethylene on copper or the formation of nitrogen peroxide 
from nitric oxide and oxygen on glass. 


Case (II) When one reactant A is relatively more strongly adsorbed than B. 
Here 0, is much larger than 6,, but 6, is less than unity. It is easily seen that the term 
kzp» is negligibly small. Hence equation (iv) and (v) would be, 


YR kıpı 
i ki tkıpı 
^k 
and 0, = — kp 000 Kp. 


K, pil "m Kk, +kyp,) 
1 


—dp z.kyk ke :DPiP2 = PiPe 
Hence =a = 7 = EE Tkp) aaea tns (X V.60) 
where b — kk, 
Such a complicated kinetics is being followed in the reaction between CO, 
and H, on platinum. 


Case. (IIT) When one reactant is very strongly adsorbed. 


We have, 0, = kak’, pa 6, 


p vide eqn. iii). 
kp K q ) 


Therefore, reaction rate is 


—d k ; , 
= —2.0,0,—2.0 ERT 6,, where 6, is almost unity, 
p PEA —dp v Pe 
Since 6, = 1, He = k "D o (XV.61) 


The reaction between CO and O, on platinum follows such a kinetics 


XV.25. Negative Catalysis and Inhibition. It is evident from 

higher ER pressure/pi and hence higher the adsorption of the WES 
will be the reaction rate. That is, the component which i , 
inhibits the reaction. I$ Very strongly adsorbed 


Sometimes the products of the reaction are also ads 
the catalyst. There is a competition between the re 
‘or the available surface of the catalyst for adsorpti 
ciation of ammonia, 2NH, >N, + 3H,, on platinu 


Orbed by the surface of 
actant and product molecules 
on. For example, in the disso- 
m filament there is a keen rivalry 
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i ly adsorbed. This is 
2 for the surface, the latter being strong t This 
aom E (eoa and following same argument, the reaction kinetics 
S 
is given by 


mU y, PNEa 
m m hib tard th action 
i ign substances inhibit or re ard the re 
Ee a o DL LR These may function in different yas 
rate apprecia Tinon are adsorbed on the portions of the surface which wou 
In most cases, D catalytically.active in carrying out a reaction. In some cases, 
otherwise have form definite chemical compounds with the catalyst sd 
the poison? may ute quantities of arsenic totally destroy the catalytic activity o 
For example, ER AER arsenide at the surface, in the H,SO, manufacture. 
plannu oy a bres or inhibition has also been observed in many homogeneous 
deis ill strate : autoxidation of sodium sulphite solution in air is retarded 
Ho dede of small amounts of glycerine, ethyl alcohol, benzaldehyde, manni- 
by the prenes ‘ the auto-oxidation of benzaldehyde is strongly inhibited by 
tols ete E hur compounds.* In some cases, there is definite evidence that 
Traces of ORE mbities or semoves the Positive catalyst and thus the reaction rate is 
the inhibitor com is a strong positive catalyst for autoxidation of sodium sulphite 
lowered. Cu** ion f KCN be added to the system, the reaction is almost stopped as 
solution, Ui ares ek with the catalytically active Cut+ catalyst, (Titoff, 1903). On 
CN E hd “there are reactions which normally proceed with a chain-mechanism 
Le per hant f the inhibitor is simply to break the chains thereby retarding 
MS ec ee and Alyea showed that traces of anthracene almost com- 
PEU. ercveats pul od dta ee Seni ide by aking the chains, Tho 
LOY, : A i the inhibitor is given usual 
IE of reaction with a concentration C; of ES g 


Ode ERU 
: XV.52). M Mm dia 
(see Lise i i not oxidised in air but if this solu 
te solution is-not. his 

' Seon pe sulphite solution both of them are oxdited, 
cal ed "Jj duced Reactions" ; sodium arsenite is oxidise y i 
called d that sodium arsenite is really involved in breaking the c 
Pee oxidation and in this act it combines with the chain carri 
sul i 
CR oxidation. 


tion is kept in 
Such cases are 
nduction. It is 
hains of sodium 
ers leading to its 


'Surface Reactions. It has been mentioned earlier 
XV.26. Effect of Rempera ee n a surface provide an alternative path for the 
that adsorption o er energy of activation. In chemisorption appreciable amounts 
reaction mith a S on are evolved. The adsorbed reactant molecules become 
of heat of a Eih with a partial distortion of internal bonds. In consequence, 
sufficiently SEM of energy is required for the formation of the activated complex. 
a smaller etd thatthe activation energy for the surface reaction would bc 
It is hence MERE for the corresponding homogeneous reaction. i 
much less the application of the Arrhenius equation and plotting log k against l/T, 
with ne iey (Ea) is evaluated for the heterogeneous reaction. The activa- 
the activation, so obtained is called the apparent activation energy. Since the extent 
tion t de temperature-dependent, E; evaluated is indeed the algebraic sum 
on d activation energy (Er) of the reaction and the heats of adsorption of 
OA rito! and resultant (A), such that 


Ea =E eS Areactant ap A oduct 

w are given the activation energies of 

; E a RT in MEOSE conditions. The 

RN, case, the activation energy in the hetero 
than that in the homogeneous processi : 

*The brisk decomposition of H30, solution in presen 

derably retarded or arrested if a pinch of NaNO, or acetani! 


Some reactions occurring 
Tesults indicate that in 
geneous process is Considerably less 


ce of small amo 


unts of FeCl], is consi- 
lide be added. 
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TABLE : ACTIVATION ENERGIES IN HOMOGENEOUS AND HETEROGENEOUS REACTIONS 


Reaction 
Decomposition of 


Activation energy (K cals) 
Heterogeneous Homogeneous 


Surface 


HI Gold 14.0 44.0 
CH, Platinum 57.0 80.0 
NH; Gold 29.0 58.5 


NO Tungsten 
XV.27. The Nature of the Surface. 
necessarily lead to catalytic reactio: 
occur through adsorption. The sur! 
interesting features. 

In their catalytic functions, surfaces are specific in nature. A surface which 
catalyses the cracking-of an oil may not at all influence the dehydration of alcohols. 
For different reactions, different catalytic surfaces are effective. Nickel and copper 
surfaces are very good catalysts for hydrogenation processes whereas alumina 
is a suitable catalyst for dehydration processes. This is due to the fact that hydrogen 
is strongly adsorbed on Ni or Cu-surface, and water molecules are strongly adsorb- 
ed on alumina surface. As a result when ethanol vapour is passed over Ni-catalyst 


it is oxidised to acetaldehyde but when it is passed over alumina, it is dehydrated 
to ethylene : 


39.0 


80.0 


It has to be realised that adsorption does not 
n but that surface-catalysed reactions always 
faces which are catalytically active have some 


Ni Al,O3 
CH;CH,OH—> CH,CHO-+-H, | CH,;CH,OH ——- CH;—CH,--H,O 


These may be represented as in Fi 


g. XV.9 : (Alumina has both oxygen atoms and 
H groups on the surface). 


e e T NN CH, CHO CH; CHO + Hy 
"uM del is + 
eee) nhs es Mae 
BA tuer des rir TTA eer 
Como CUT Cu Cu ~Cu — Cv —Cu Cu — Cu — Cu —cu 
H H H H 
bo oy | | 
a DOR MO H—c = $ CH = CH, +420 
: 
H H i =e H LJ + 1,0 H 
| 
ò [9] o o i o 
ude sles aE ob Ade 
SV A "e F n 
fo) oe, C 
Fig. XV.9 


Similar alternative reactions are seen with formic acid vapour : 
Cu s Al;0; 
HCOOH —— CO, + H, | HCOOH —— CO H,O 
These observations indicated that there must be So 


adsorbate on a given surface. Palmer and Constable showed that t f dehy- 
drogenation of five primary alcohols, ethyl, propyl, butyl, Mir ot oe 
was the same and independent of the length of the hydrocarbon-chain. But the 


me definite orientation of the 
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much higher. This confirms 
iti f a secondary alcohol was copam 
Hy ai E T oleng: in adsorption. Some o the catalysts w. 
5 aoa used th different types of reactions are listed below. 
commo: 


Processes i à; pci = 
@ Saee a ae: 205 
ne ar petroleum fractions ORE gel 
E Rea UE are Al(Et)s, TiCl,, phosphoric acid on keiselguhr 


influences its catalytic efficiency. Theore- 
The physical CAM smooth and plane and every pru d 
tically a surface sed b an adsorbate-molecule. But in fact, even the ino is 
space in it can ity cough and have many irregularities. There are on the Sur pee 
surface D PRET EnS furrows and craters, cracks etc. at least on a scale o 
peaks, edges 


firmed from multiple beam interferometric 

5—10 À. Such a state hey ae been confirme emission from different parts s 
experiments and from easily understood that the "residual field” of ae sur c 
surface. It is therefo throughout the surface. Those atoms which are at the pea > 
atoms is not uniformu dual fields and are likely to have greater ere Oot sapa 
edges etc. have bis r postulated that the adsorption and eges quent reac ion ake 
city. In 1925 Tay EE certain parts of the surface, which he ca E actie ca 
place preferentially ay constitute a small portion only of the tota! sur ace s A 
Eheiapuye TNN RA centres where adsorption occurs are not always ca yti- 

Moreover a eri ethylene and hydrogen are both adsorbed oh copper 
cally effective. Eo e roduce ethane. A trace of Hg-vapour redace: thea sorption 
surface and P ey, Find that of hydrogen to 5%. But the catalytic efficiency is 
of ethylene to 80% and only 0.5% of the initial efficiency is observed. It leads to 
reduced much pa : (i) Different gases are adsorbed on different parts of 
two e CI tie catalytic activity is confined to a small fraction of the active 
the surface 
centres. : as also arrived at from other ob 

TE US ust incer of CO quis Insulicicot in amount t 
(1923) ur ce or to displace the hydrogen adsorbed on i ^ an 
Copper between hydrogen and ethylene. Again Hinshelw. 
the reaction bet eh hydrogen had already been strongly adsorbed would not catalyse 
a neve eine ES ammonia but would remain unaffected 
the deco: 


for the dissociation 
Jt showed that the active centres for ammonia and hydrogen iodide were 
of HI. It s 
different. 


Servations. Peace 
o cover the entire 
completely inhibit 
ood observed that 


is. Enzymes are complex protein substa: 
XV.28. Libel dge menage Sst for catalysing infinite types ofc 
by living cells. living processes. Even when these enzymes are is 
es occurring 1n their catalytic activity and function in the same ion i 0 
cells, they Teran resent in colloidal state and are extremely specific in their 
Enzymes are o sn Phas catalase obtained from some plant celis catalyse the 
catalytic dig O, only, zymase from yeast would ferment dextrose but will 
decomp osnon s Dre KIOWA of starch or cane sugar, urease hydrolyses urea 
be neoa urea or a protein. — : : , 
but no hanism of an enzymatic process is represented in the following way, 
The mec E) first forms a complex intermediate with the substrate (S), The 
The Sal ( me is very small compared to the amount of the substrate. The 
amount of enzy nto the products reproducing the 


nces produced 
hemical chang- 
olated from the 
fashion in vitro. 


r ediate complex (ES) then decomposes i 
ido die processes may be represented as, 
e ; 

kı ka 


“E+ S = ES —À E'+ Products (P) 
ka 


43 
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When smooth reaction begins, the rate of change of (ES) is given by 
2555] = k lE] [5] [ES] [ES] 


the brackets indicating the respective concentrations, 


Applying steady-state principle, the conc. of the complex would be small 
and constant, hence 


. TP = LEIESI- 0s +e LES] = 0. 


If [E], is the total molar concentration of the enzy 
when the change in the concentration of the substratı 


[E] = [E] + [ES] 


me and the rate is measured 
e is not large, we have 


iS KENES) [S], + k:) [ES] = 0 
KLEISTI n aale 
" IESI 7 KISH eH) T Thy 
kı "[S] 


The rate of formation of the products is 


d[P ka[ Elo 
ar = kES] = MEETA s. (XV.62) 
SUAS 


where e ka is called Michaelis constant 
1 


» the 1ate equation indicates that the 


hen [S] is very high, the reaction would be of zero- 
Experimental measurements have confirmed these 


expectations. 

The enzyme as a catalyst is unique. The catalytic activity or turnover number is exceedingly 
large in the case of enzyme catalysts. Thus, in tlie decomposition of H,0,, the turnover numbers (n) 
are as follows, 

, ^ It is now firmly held that enzymes are 
Catalyst " : 1 
ys log yon per iron atom possessed of an active site or active centre, 
Fe(OH), 10-4 through which thcy form the complex. 
Hematin 10-2 
Catalase 10° 


XV.29. Industrial Cata] 


: ^ ysis. The most impo: 
production of various substa; 


(i) Synthesis of amm 
A105 as ‘promoters’, 


rtant applications of c: 
nces in industry. Some 


onia : Catalyst is iron, 


atalysis are in the large scale 
of these are named below. 


often mixed with small amounts of KO and 


discontinuities on the surface, 
(ii) Hydrogenation of oils : Nickel c. 


atalysts and Sometimes metal- 
sively used for saturating the unsaturated 


esed oxide catalysts are exten- 
aliphatic acid Parts in the oi], 

R;—CH-CH-R,4- H- RıCH;CH;R, 
(iii) Synthesis of methanol : 


CO + 2H; ——> CH,OH 
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The catalyst employed is zinc oxide-chromium oxide for this very successful industrial operation. 
[Cr,O, is really a promoter.] 


(iv) Manufacture of hydrogen : Hydrogen from coke-oven gas and water-gas is obtained 
by mixing them with steam and passing over the catalyst ferric-oxide : 


CO + H,O —> CO, + H, 


(v) Nitric acid from ammonia : 
4NH; + 50, = 4NO + 6H,O 
This reaction is usually carried out in presence of Pt-gauze as catalyst. Sometimes ferric 
and bismuth oxides are used in place of platinum. 


(vi) Manufacture of H;SO, : 


2H20 
2S0, + 0, — 280, —. 2H,SO, 
The oxidation of SO, is carried out on the surface of platinised asbestos. 
(vii) Synthesis of hydrocarbons : Liquid fuels are now synthesised by. Fischer-Tropsch 
method from coal, CO, CH,, etc. and hydrogen, using cobalt or iron as catalysts, 


(viii) Cracking of petroleum : This is carried out to increase the yield of gasoline or for 
producing butadiene, isooctane etc. from petroleum products. Various catalysts including some 
oxides are commonly used for this purpose. 

(ix) Manufacture of ethanol : This industry is essentially based on enzyme catalysis. Zymase 


is used for the reaction. 
Innumerable other instances can be added to the above list. 


References for further reading 


Qt EDM ria 


i) Chemical kinetics—Laidler "een NS 
ap The theory of rate processes—Glasstone, Laidler, Eyring. VA got vt E OC 
(iii) The foundations of chemical kinetics—Benson I. PRAE dE 
(iv). Kinetics of reactions in solution—Molwyn-Hughes Cz D^ tension 
(v) Kinetics and mechanism—Frost and Pearson N VET Vices i 
(vi) Kinetics of chemical change—Hinshelwood ~ aA Ü d 
(vii) Chemical kinetics and chain reaction—Semenoff IE. AL CUTTA-21 * 


(viii) Free radicals—Steacie 
(ix) Acid-base catalysis—Bell. 


Problems 
1. In the inversion of cane sugar the polarimetric readings were : 
t (min) 0 30 90 ta 
Readings +46.75 +41.00 4-30.75 ious y Es T 


Find the order of the reaction and the value of the velocity constant 


2. In the thermal decomposition of malonic acid, 
pressures at different time intervals are 


t (min) 10 20 35 
p (mm) 37 67 108 && 
What is the order of the reaction? 


3. In a certain first order reaction, 
long will it be until one-tenth is left? 


4. At a certain temperature the half-life 
with tungsten were as follows : 


p (mm) 50 100 200 
Relative half-life period 3.52 1.82 "um 


Find the order of the reaction. 


CH;(COOH), + CH;COOH+€o,, the 


half the reactant was decomposed in 500 Seconds, H 
onds, How 


periods for the deco iti 
MPOsition of 4 i 
mmonia in contact 
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5. In the reaction between KOH and C,H,Br equal quantities of N/10 solutions of each were 
used. 20 c.c. of the reaction mixture were withdrawn at regular intervals and titrated against 
N/20 acid. The following data were obtained : 


t (min) 0 21 46 97 146 
volume of acid (c.c.) 20.00 14.71 11.14 7.42 2.92 
Find the order of the reaction 


6. In the thermal decomposition, (CH;),O -> CO+-H,+ CH4, the initial pressure is given by 
‘a’ mm, and x mm increase in pressure in £ seconds. The readings at two temperatures 504°C 
and 552°C are as follows : 


I. Temp 504°C ; t (sec) 320 771 1195 2030 3155 oc 
a = 312 mm ` x (mm) 96 176 250 368 467 619 
IL. Temp 552°C t (sec) 114. 219 299 545 m 
a = 420 mm x (mm) 323 534 634 718 838 


Determine the order of the reaction and the mean velocity constants at these two temperatures. 
Calculate also the mean energy of activation. What will be frequency factor at 504°C? 4 


7. On the basis of stationary state concept, obtain an expression for the rate law of. theprocess. 
ki 
G) A+B = C (slow) 
ka 


k 
CED —- Products (fast) 
8. For the reaction, H,O, + 2H* + 2Br- > 2H,O + Bra, the rate law is given by 


—dc, 1 
ead = kCy,0,Cu*.Cp,-. 
At 298°K, k varies with hydrogen bromide concentration as follows : 
Cuer (millimoles/litre) 13.5 220 288 432 677 
k x 10? (I*/mole? min) 25377. 346 340 318 298 


Plot graphically and show that uncatalysed reaction will have the rat 


" 9. At 427°C, the thermal decomposition of a gas was found to be of first order and the half- 
€ period is 300 min and the energy of activation is 50000 cals/mole. Find out the time necessary 
for the gas to be decomposed 60% at 527°C, 


10. The specific i iti is gi 
Find out (a) the hale at "C and (B) tine repu oad ey k Tae Mus 
11. For a reaction, A > B, the rate constant is given by 
a 8H nn k = 12x 107? litre/mole-sec. at 87°C 
ORE nd E, — 32000 cals/mole. Estimate the values of (i) AHF, (ii) ASF. 
n process, the following first order rate constants were found, 
Temp (°C) 120° 130° 140° 
k (sec) 50 115 264 


the entropy of activation, 
-methane is a first order Teaction 
CH,-N-N- CH, — C4H,4-N, 
with a rate constant, k = 4x 10-4 seç-1 at 320*K. 
If initially azomethane is taken at 21 7 


00 mm A ; 
the components of the system after halt nq re what will be the Partial pressures of 


€ constant ky x 10? = 466 


13. The decomposition of azo 


[dns : Pazo = 98 mm, Poy, = Py, = 51 mm] 


4d! co 
CHAPTER XVI \2 


THE COLLOIDAL STATE 


“Pte of = 


XVI.1. The Colloidal System. The subject of colloidal system had a diffuse begin- 
ning. Various stray and independent investigations carried out by Richter, Berze- 
lius, Selmi, Graham and others in the nineteenth century yielded results from which 
systematisation followed to form, in the early part of the present century, a sort 
of nucleus around which the science of colloidal system developed and rapidly 
proliferated. j 

Substance like sand, powdered glass, barium sulphate etc. when added to 
water sink to the bottom of the container ; others such as naphthalene powder, 
charcoal etc. when added remain afloat in water as a distinct phase. This is not 
only true for water as the medium but for many other solvents as well. On the other 
hand lumps of sugar or salt in water or naphthalene in benzene form true solutions 
in which the phase distinctions between the components—solutes and solvents— 
are obliterated. i 

Between these extremes of heterogeneous coarse suspensions and homogeneous 
true solutions, exist systems with properties intermediate between those of the 
former two. Besides, these systems have sets of properties which can be called as 
characteristically theirs only. Examples of such systems are provided by suspen- 
sions of gum in water, fine suspension of soil in water, Suspension of NaClin 
alcohol or of arsenious sulphide in water. That these suspensions are really different 
from true solutions can be shown by allowing them to percolate through parchment 
or cellophane papers, as Graham did. The true solutions will get through, but 
these set of suspensions will not ; only the continuous medium water or nene 
etc. will seep through. But these suspensions pass through ordinary filter ape 
like true solutions. The solute particles in true solutions are molecularly dispersed 
(c = 10-8 cm approx) and are invisible. In the case of these fine suspensions 
the particles are bigger (s between 10-7 ~ 10-4 cms approx) and can be m 
either with the help of a high powered microscope or at least can be indirectly 
discerned utilising some optical effect (Tyndall effect). 

Substances in such a state of subdivision and suspended or dispersed in a 
continuous medium as to demonstrate the above effects ate said to be in the colloi- 
dal state. The colloidal system, often called a sol, would thus consist of a dishersea 
phase (gum etc.) in dispersion medium (water, benzene etc). A rigorous definition 
of a colloidal system is difficult to lay down, a workable definition can be given 
in the following words : — 

“A colloidal system is a two-phase heter ogeneous system in which one phase is 
dispersed in d fine stat oiua division (Tang ins E rom 1 p to 50 mp dpprox) in another 
medium termed. the continuous or dispersion medium. In actual instances, hen 
limits are not rigid and may vary on either side but most systems conform to the 
above description. ) . 

Although we shall be dealing chiefly with colloidal systems in whi 
peo Dane solid and dispersion medium a liquid such as a sol of As,S, i 
water, the dispersion medium may also be a gas, a liquid or a solid In foar n 
we have a gas dispersed in liquid, whereas in smokes the disperse phase is d 
in gas medium. In fogs liquid is despersed in gas medium. When a liquid i solig 
persed in another liquid, it is often called an emulsion as in milk. Ruby el dua 
carbon in steel are examples of one solid dispersed in another solid. y glass or 
XVI.2. Preparation of Colloidal Systems. The 
three HE m E oe - 

i) To obtain the substance directly or indirectly i : 
Rainer in the dispersion medium ; _ d y in the desired State of fine 

(ii) To M eines OF stabilising agents to ae 
system. In many instances, however, the protective ability of the 
in the reagents used in obtaining the finely divided subs d inherently presen; 
other cases, stabilising agents are to be specially added, — ^ in process (i), In 


ch the dis- 


preparation of a sol usually involves 


maintain the st 


\ X. SStVjeec. 


ER d exe 
Z «ww 0 JOA rj 
f ND Toy 4 
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(iii) To purify the colloidal system from excess of reagents used or by-products 
itable techniques. m x 

iud reto EET ways (d) Condensation method and (b) Disintegration 
or dispersion method, in which a disperse phase can be formed in a medium. : 

(a) Condensation Methods. It is an indirect process for the preparation o : 
sol. The substance which is to be dispersed is generated in situ by some chemical 
reaction (or sometimes by physical change) under controlled conditions of tempera- 
ture, concentration, agitation etc. to form insoluble particles of the substance 
having sizes within the colloidal range. The chemical reactioris may be different in 
different cases, such as oxidation, reduction, hydrolysis, metathesis, etc. Certain 
specific examples rather than a description in general terms will clarify the pro- 
cedures. 

Gold Sol. A. gold sol is conveniently prepared by reduction of chloroauric acid say with 
formate or hydrazine. 

Sulphur Sol. Sulphur sols are easily obtained by oxidation of H. 
or some dilute oxyacid and then purified. 

When a solution of sulphur in alcohol is poured into water a sulphur sol is formed, The * 
addition of a solution of a substance to a solvent in which the solute is insoluble is often a conveni- 
ent process of preparing a sol. 

Nickel Sol. When a benzene solution of nickel carbon 
through the dissociation process, Ni(CO), = Ni + 4CO. 

Silver iodide Sol. To a suitably dilute solution of KI is added AgNO, solution in a quantity 
appreciably less than the stoichiometric requirement. Silver iodide, produced by metathesis, 
has particle sizes in the colloidal domain and the whole system is stabilised by a small amount 
of iodide ions present in solution. The unwanted excess of all ions are removed during subsequent 
Purification by dialysis as described later. 

Similar metathetical processes are employed in many instances, such as in preparation of 
BaSO, sol from Ba(SCN), and (NH4,SO, ; As;S; from As,O; and H,S ; silicic acid sol from 
Sodium silicate and hydrochloric acid etc. 

Ferric oxide Hydrosol. When small quantities 
almost boiling water, ferric hydroxide is formed in c 
and possibly hydrogen ions stabilise the sol. The e 
during the purification of the sol. Many such oxide hydrosols, such as aluminium oxide, tin oxide, 
thorium oxide etc, are prepared by similar hydrolysis of their chlorides or nitrates, 
Me (6) Dispersion Methods. This technique is a direct 


: i method and consists in 
ie y pulvenising the substance to be dispersed in the medium which is to constitute 


for instance, spontaneously effected. ; 


latine sol is produced. 
Sols of agar, gum-arab; em a 
AR un arabic, etc. are shion and no stabilising 


aS solution by oxygen or SO; 


yl is heated, a fine nickel sol is obtained 


of ferric chloride are added intermittently to 
olloidal state. Small quantities of ferric ions, 
xcess Of hydrochloric acid formed is removed 


between partially conducting 
olvents, different 
Prepared by Svedberg. A. 32 Ge 


nuedsvashiae wi LB. quantities of Suitable reagents or someti 
dilute solution of FeCl,, 
ing a fine precipitate into c 
called peptisation. Freshly ipi 
turn into a sol on continued sh 

Dispersion is also sometimes carried 
persion of a liquid in a gas. “Colloid mills 
a solid dipped in the dispersion medium. 


Purification of Sols. The final stage in sol Preparation is its purification. 
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i i this purification process. Even for those 
es al ae dee may pene e it is carried out only to a certain limit as 
systems where purifica : ilitv of the sol. 
complete ie euro Re os ed the inability of the disperse phase 

Tos RM 7 h some membranes such as parchment paper, cellophane etc. 
to percolate eat d medium, free ions, molecules in solution etc. can easily 
whereas A iain advantage of in purifying a sol. The most commonly employed 
EE are dialysis and electrodialysis. 


^ i is taken in a parchment paper or cellophane 
Dialysis. a basin Conta MIAE sufficient amount of water 
bag which is Son médhem OG ther sl Get be not water), as in Fig. XVI.1. The 
(or me cepos in the sol move out through the 
m S wall while some amount of solvent 
cellop ate de may enter the bag. From time to 
from the solvent in the basin. is replaced and 
time, t cess allowed to continue for several 
ge PTO check the extent of purity, small 
days. s of the sol are pipetted out and its 
pornoa conductance is measured. When the 
Gece nce reaches a sufficiently low limit as 
condug iy the experimenter, the process is 
Moped For reasons To S DEREN amen Fic. XVI.1 Dialysis 
extreme pud ed of Sebatalion or removal of soluble ions through a partially 
sol. Such a RA rane is called dialysis. In certain sols, as in AlO; hydrosol, the 
permeable A ER too small to be retained by cellophane Paper. In such Cases, 
Deed out at somewhat higher temperatures with controlled heating. 
mera ide thereby grow bigger in sizes. Po: 
rodialysis. To accelerate the process of purification a 
Pera gree of purity sometimes the dialysis is carried out 
a greater ai the process is then called electrodialysis. 
electric field ; lectrodialyser consists of three detachable chambers A, 
Aisimple c ber B which contains the sol is separated on either 
The middle cham . A and C by partitions of cello 
D and E. (Fig. XVL2). The Side-cham- 


Cellophane bag 


nd also to achieve 
In a direct current 


time to time and replaced 
gradual removal of lons 
increases and the fall in current Strength 
is revealed from the bulb i 


process is Stopped when a Certain degree 
XVIL2 Electrodialyser (diagrammatic) of purity is attained, 
Fic. A 


sification of Colloid Systems. The colloidal systems are sometimes 
Ae nes two broad groups : (1)/Reversible sols and (2) Irreversible Sols. 
classi eversible sols, the disperse phase is spontaneously distributed in the Surroun- 
In the eren due to thermal energy. Such Spontaneous dispersion leads to some 
dnem n size distribution corresponding to minimum value of thermod namic 
equi EM The reversible sols are characterised by very low interfacial tension 
P Menon interfacial energy, 0.01 ergs/cm? approx, Once 


i esit 3 the dis erse pl i 
thrown out of colloidal state its redispersion is easily achieved. p EOS 
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The irreversible sols are thermodynamically unstable ; these have a natural 
tendency to be thrown out of the dispersion medium from the colloidal state to 
the macrostate. The concept of their colloidal stability is a kinetic one. It is 
with considerable difficulty that the substance in such cases are taken into the 
colloidal state. at i 

But the more common way of classifying the colloids is to divide them into 
two groups (a) Lyophobic and (b) Lyophilic sols. Lyophobic sols are those which 
have no spontaneous tendency to pass into the colloidal state and are obtained 
with difficulty ; hence these are irreversible in character e.g., gold, As;S, etc. 
Lyophilic sols are quite easily formed by the spontaneous dispersion of a substance 
in the dispersion medium ; these are reversible and even if thrown out of medium, 
they easily revert back to the colloidal state, e.g., gums, starch etc. There are 
other properties by which these two groups of sols are distinguished, 

() Very small amounts of neutral electrolyte solutions bring about precipi- 


tation of the disperse phase in lyophobic sols, but have hardly any effect on the 
lyophilic ones. 


The disperse phase particles are often highly s 
so in lyophobic ones. 


Sols of AgI, SnO,, Pt, etc. are all lyophobic in character where as agaragar, 
gum arabic, etc. are lyophilic. i 
belong to the border line. Ferric hydroxide, chromit hydroxide sols are pro- 
nouncedly lyophobic but these also possess a certain a 
are called hydrophobic and hydrophilic when the medi 


yophobic sols are taken up here. 


u will be dealt with later al ith 
Properties with which these are similar. SpR 


I7 M. e ERG 
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A quantitative expression of the intensity of scattered light (7) ata distance x 
from the sol for an incident beam of wavelength A is given by 
9aznr*A? [nini ) " 
a et ee ES +2n? Us oos) 
i umber of dispersed particles per c.c., A is the amplitude and 6 
WIER E E of the direction of observation with the direction of 
incident beam, r is the radius of the suspended particles. The refractive indices 
of disperse phase and dispersion medium are represented by n, and ng. It. 
Quantitative study of Tyndall effect, and in fact, of other optical and kinetic 
roperties, has been rendered possible with the help of ultra-microscope, first 
p T ad by Zsigmondy (1903). The visibility of colloidal particles by microscopes 
eed by the aperture of the microscope and the wavelength of light used. 
Even with very good microscopes and with yellow light, the visibility limit is appro- 
ximately 2 x 10-5 cms. Zsigmondy showed that if the colloidal particles are 
illuminated by a strong beam from a direction at right angles to the direction of 
i bservation through the microscope (M) and the colloidal particles be observed 
x ainst a dark background as in Fig. XVL3 the particles become visible as self 
rate specks, regardless of dimensions, due to scattering of light. This is 
the principle in Zsigmondy's ultramicroscope. There are, of course, other types of 
ultra-microscopes in use. 


Fic. XVI.3 Ultra-microscope (Zsigmondy) 


trical Propertis of Lyophobic sols. The electrical properties of lyophobi 
"e s P ied from their behaviour (a) towards added electrolytes aud (Das 
lied electric fields. These two are closely interrelated and a. proper unders- 
TER of their behaviour also leads to an explanation of the fundamental mue 
of the stability of the sols. 


ect of addition of electrolytes to iyophobic sols. It has bee 

XVL Sa e pu rifying a sol by dialysis the system should not be ci 
from all foreign ions. The presence of small traces of suitable ions is necessary 
to impart stability to the sol. If the system be divested of all ions, the colloid 

articles grow bigger and are ultimately thrown out as precipitates. 
p While small amounts of specific foreign ions are essential, the addition of 
comparatively larger amounts of a neutral electrolyte proves destructive to the 
stability of the sol. For example, a small quantity of NaNO, solution, when added 
to, say, 10 c.c. of a dialysed Agl-sol, will cause the colloidal silver iodide Particles 
o recipitate out as a flocculant gelatinous mass, often called coagulum, leavin: 
a clear supernatent liquid. This phenomenon of coagulating the sol particles E 
YR “flocculation”. If insufficient sodium nitrate be added, either no floc B 
lation. or pe flocculation will occur. Such coagulation is found with qai 
lyophobic sols also, ; i 

rimental observations on the coagulation of i : 
detis led to two general conclusions : Various sols with different 
(i) Ions carrying the charge opposite to that of the colloid i 
effective in inducing coagulation. Particles are 
(ii) The larger the valency of the coagulating ion, the smaller i . 

of electrolyte (containing that ion) necessary to flocculat iven ne quantity 
: iven time. * 8 given amount of 
in a given . dede 


n stated earlier 
ompletely freed 
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These generalisations are often mentioned as Hardy-Schulze rule. There 
may be some exceptions to rule (ii) above where conspicuous adsorbability of the 
coagulating ion may violate the principle. Ue i 

Continuing with our example of silver iodide sol, it can be coagulated by, say, 
NaNO;, Ba(NO;),, AI(NO;),, Th(NO,),. Silver iodide sol has negatively charged 
dispersed particles. So the positive ions Na+, Ba++ etc. are the coagulating ions. 
This is established from the fact that if NO,- ion were responsible for flocculation, 
then the minimum molar concentrations of the different electrolytes used in equal 
volumes to coagulate a definite amount of sol completely in just a given time would 
have been in the ratio 4 :3 :2 : 1. But experimentally it is found that the concen- 
much less than this. Thus if x c.c. of 


trations of ions of higher valency needed is 


TABLE : EFFECTS OF IONS ON COAGULATION OF LYOPHOBIC SOLS 
As;S; (negative) Sol 


FeO; (positive) Sol 

Electrolyte Cation Min. conc. Electrolyte Anion Min. conc. 

valence millimoles valence millimoles 
NaCl 1 51 KCI 1 103 
KCl 1 50 KNO, 1 131 
KNO, 1 50 KBr 1 138 
LiCl 1 58 

K;CrO, 2 0.325 
KCI 1 30 K,SO, 2 0.219 
1H,SO, 1 31 K;C,0, 2 0.238 
CaCl, 2 0.65 — K,Fe(CN), 3 0.096 
BaCl, 2 0.69 
SrCl, 2 0.63 
ZnCl, 2 0.68 
(UO,) (NO,), 2 0.64 
MgCl, 2 0.72 
AlCl, 3 0.093 
1AL(SO9; 3 0.096 
From an e 


eries of such experimental results, Schulze and 
€ correlating the equicoagulating concentrations 
alences. This relation is 

C: C, 


2:C, = 1:115 :730 
where Cı, C, and C, are the Concentration 
ing ions. 


a 
x/m = ken 

and electrically equivalent amounts of ions of different valencies are C3: C: C, = 1:1,5:3, 

Therefore, amounts adsorbed are in the ratio 


zu peat oy 
ken :ken: ken 
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or Q0: Cy = I" : (1,5)n $39 
If n = 6, an appropriate value, then Cs : C; : C1 = 1: 11.4 : 729. 


The Schulze-Hardy rule is only approximately correct. Although it has 
been corroborated in ample number of instances there are many contradictions 
also from experimental standpoint. Specific ion character sometimes comes into 
play and upsets valency rule. Capillary active or highly adsorbable ions, especially 
H* or OH- ions, have coagulating capabilities much higher than those of other 
monovalent ions. E 

A theoretical relation, derived recently by Verwey and Overbeek, can be used 
to compute the effect of different electrolytes on the coagulation of a sol. The 
relation is 


] 2» ] -2- Patt 
[ze +4 e -+ Je = constant 
Vy ve Ya. V 


where C — conc. of the coagulating electrolyte : v4, v- are the numbers of positive 
and negative ions formed from an electrolyte molecule. 


XVI.5b. Effect of applied electric field on lyophobic sols. If two electrodes are 
inserted in a lyophobic sol (Fig. XVI.4a) the disperse phase migrates slowly either 
to the cathode or to the anode. This indicates that the colloid particles are charged 
either positively or negatively. In fact, the flocculation of lyophobic sols 
by addition of electrolytes also suggested the same. The migration of the colloidally 
dispersed particles in electric field is called electrophoresis or sometimes though 
not happily, cataphoresis. a 2 

On the other hand, if the sol is enclosed by compact diaphragms, so that the 
motion of the sol particles be mechanically prevented and the two electrodes are 
inserted in the dispersion medium outside the diaphragm (Fig. XVI.4b), then the 
dispersion medium moves through the diaphragm towards one of the electrodes. 
This relative motion of the dispersion medium in the electric field is known as 


electroosmosis oc endosmosis. 


(a) Electrophoresis 


(b) Endosmosis 
Fic. XVI.4 


th electrophoresis and electroosmosis observ i i 
just ps specific illustrations of the general EE AREA eel te 
electrokinetic effects. These therefore can be explained in terms of he eal 
double layer theory as before (vide chapter 14, section XIV.9 et s us beer 
systems, due to smallness of sizes of sol particles, a very large surfs pa Mass 
Because of this, the adsorption is very pronounced and the result; teles E ENDE 
henomena are conspicuously displayed. Surrounding the chate propuso 
there exist double layers trailed by diffuse layers with their vd paar, 
zeta-potentials play an important role in the stability of colloidal anny The 
necessary to determine them. The experimental determination « f Dore 
of sols is done either by electrophoresis or by endosmosis The zeta-potential 
ways of carrying out the two techniques, we shall discuss here briefly ite eee 
or each. 
5c, Determination of Zeta-potential by Electro i ] 
Lien carried out with the help of a micto-slestrophoretae aie Ros d ot zeta-potential 
reactangular glass cell A with a very small (1 mm to 2 mm) but uniform depth Neo P 
ut. 
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the two opposite ends, the cell A is prolonged into two cylindrical tubes B and C, which terminate 
into two vertical tubes D, D’ and two outlets E,E’. Two double-way stop cocks EF , one at each 
end, permit any liquid or sol in A, B and C to be put in communication with either the vertical 
tubes D,D’ or exit tubes E,E’. 


Fic. XVI.5 Micro-electrophoretic cell 


To start with a small amount of gelatine sol, made conducting with a little KCl, is poured in 
D and D' and allowed to form a gel. The micro-electrophoretic cell is then filled up (B, A and C) 
with the sol by manipulating the stop cocks F,F' and allowing outlet E' as inlet and sucking through 
E. The sol is next put in communication with the gel in D,D’ by turning the stopcocks, The cell 


Now remembering the relation between electrophoretic mobility and ¢, zeta-potential 
(section XIV.9, equation XIV. 10), we can write, for electrophoretic mobility (U/E), as 


U iD 
E drn 
Substitution of E in terms of specifi ivi [i 
1 pecific conductivity k of the sol, the current i in amperi 
a, the cross-section of the cell A, we have the familiar expression, ren eng 


4rqUka 
g = T= x (300)? (volts) 


pag arma o Zeta-potentia] by electroosmotic method. A sketch of the apparatus 
given in Fig. XVI.6. The coagulum formed by the addition of a neutral 


electrolyte to a sol is transferred to a U-shaped tube ; 3 

i : provided wit} i i 
Ro Porna corpus diaphragm filling the entire baton no Po bs cn um 
two limbs of the U-tube, The two side-arms are Connected through pressure t s p tan- 
gularly bent glass tube of uniform cross-section, The portion of the A Fe a ^ a i = 
the side arms, the rectangular glass tube, all are filled up with the Perna ost d ei Hed ae 
during the formation of coagulum from the sol, The continuity of t iquid obta 


B h A p he liquid in the rect: lar 
tube is broken by incorporating an air bubble at the middle of the tuo A stable D.C. field is 
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i i imbs of the U-tube. 
: tem through two Pt-black electrodes inserted bua id Hm Ronde iut be, 
applied to the sys! al includes a milliammeter, an adjustable deri ee ocius ut 
The circuit as Mos of liquid occurs through the Sanit ue air hib : Ba Sis vore die 
pecore b l e to calculate the vo 
ubble enables on a 
tube. The tee lect eCoi may be calculated from the relation, already cited earlier, 
through the diap 5 
[^ = Anky (300)? volts 
Di 
] f flow of the bubble indicates the nature of the charge of the diaphragm formed 
The direction of flo | | 
i ith i centration of an 
by the coagulum. iation of Z-potential of a sol with increasing con : 
elo quidem by combining the two techniques—viz., o oo ee 
added electrolyte proe observed that the absolute magnitude of erus goes on decreas: 
clectroosmosis. Itis nes concentration of the added electrolyte. In certain insi raoa), evidenced 
ing with voient is even a reversal of sign of -potential implying a change in the n 
by electroosmosis, 1 
of charge carried by the coagulum. 


of stability of 
€ coagulation 
ofthe presence 


al microcrystal. 


20; sol, in its preparation from hydrolysis 
ns and acquire a positive charge. Fet++ ions 
are common to both microcrystals and 


E 203 sol is prepared 
oda solution, the sol particles adsorb OH- 
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ions and become negatively charged, the hydroxyl ions being common to the 
medium and the hydrated colloidal particles of FeO. A 3 

To cite another common instance, the colloidal silver iodide particles have a 
negative charge due to adsorption of I- ions when excess potassium iodide is used 
in its preparation. But if in its preparation excess AgNO, is used, the resulting 
sol particles carry a positive charge due to adsorption of Agt ions. / 

The structures of the colloidal units of positively and negatively charged 
Fe,O, sols, AgI sols, may be expressed as : 


(i) [xFe,0;, yH.O] zFet++ and [ x’Fe,0;, y'H4O ] z'OH- 
(ii) [xı Agl]y,Agt and [ x’;Agl J y’,I- 


The preference for common ion adsorption stems from the. fact that these 
ions easily fit in the lattice of the microcrystals. Other ions of similar charge or 
more or less of similar dimensions may also be adsorbed to impart charge to the 
colloidal particles. While in positively charged Al,O, sols Al+++ ions (and some 
H* ions) are adsorbed by the colloidal particles, it is the adsorbed AlO,- ion which 
is responsible for the charge in the negative Al,O, sols. Sulphide sols, such as 
As,S, sol, are generally stabilised by adsorption of HS- ions. The Charges on 
metal sol particles are attributed to either the adsorption of. OH- ions from water 
or the dissociation of certain surface complexes formed on the metal bodies by 
the action of water, e.g., [aPt, bPtO,] Pt(OH) --. 

Mechanism of flocculation. 'The fact that the colloidal particles are charged 
and that ions bearing charge opposite to that of the colloidal particles have pro- 
nounced flocculating power led to the adoption of the idea in primitive stages 
that flocculation was caused by direct adsorption of oppositely charged ions on 
the surface. This adsorption would neutralise the particle charge and thus favour 
coagulation. This idea, though partially true in a sense in specific cases, was 
found to be inadequate for many reasons and soon renounced. Since coagulation 


is related to the question of stability of colloidal system, we may therefore explain 
it from the theories suggested for stability. 


Critical Potential theory for colloid stability. From our concept of electrical 
double layer at the solid-liquid int 


„number of stabilising HS- ion on its surface, 
layer of oppositely charged He i S particle, there exists in the solution side one 


ie \ dis quence will be th 
w AN ions from the diffuse part of the 
o 


ES ing a contraction of the diffus 
E AVT fies and thus lowering the value of the zeta-poten- 
with fi PE MR y tial. It follows that, after addition of BaCl, 

gi two As;S; colloid particles can approach nearer 


ffuse layer thickness. When the contraction of 
would be a considerable lowering of ¢-potential, 
rcome the electrical effect and cause coagulation. 


€ layer thickness 


double layer is quite large, there 
the thermal motions then may ove 


NUT o s 
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ials i indi 'hen coagu- 
any sols indicate that w 
of zeta-potentials in m S Tos ona 
The dte eats values are lowered down CRE E "ox 
lation starts, 2 ete from a series of ROADS Suge Pone Cae 
volts. Ellis an F t-potential at whic coagulati nees, i 
there is a aet. à 2 the Electra yts s bin Apo me ES 
irrespective’ n orting the critical zeta- à ' ; 
i und, SUED which contradicted the theory, 
instances were fo eL tere ‘cases 
pies ey te aes a discrepancies were due to neglect of certain factors 
ugh in many 
in 7 eotential measurements. 


: i ver two decades ago, a full quantitative theory 

Theory on Y enne bud CURE ae by the Dutch we ieee = testo 
Of thejste DID DE Ail developed independently somewhat earlier by the Russ chemis: 
Similar ideas wer A A 

jaguin. atical theory may be qualitatively stated as fo 
pee salient GEP Ne r aaa cles interact when PE S am each 
mios su agi nds, among other things, on the inter-partic e distan pe 
I Gara auge of the ion atmosphere. This interaction Lom Sel r 
the reciprocal of the thi curve of the two colloid particles and it pen edad. 
gives the potential e Overbeek consider the London van der E i ds pi 
tial. Further, Verwey an ns to be an attractive potential, The total poten al ene 
colloidal gnis. a pibe QUA ed ie eee M overshadows 

nstruci : D a ence K, y i 

ms T à nee even Papin ous ane distances, For pee oe between 
the repulsive potential at leet Et al is prominent. The addition of aoa dein ects the om sive 
the particles, the repulsive E point where repulsion between the colloi yu ic s es ina ancy 
potential only and the spe recedes further and further from the partic ug vds s increasing 
over attraction SEES E of colloid stability and coagulation has been worked out. 
x. Inthis way, a 


in distinctive features of lyophilic colloidal 
i hilic sols. Certain distinc tu 
XVI.6. Properties A earlier. In general, lyophilic ur poy, Nae Pes 
stems have been m nlike lyophobic sols, do not coagulate wi addition 
T ndall scattering and, jectrólytes Considerable quantities of electrolyte solution 
of small quantities of ale cause the latter to separate out in clusters or gacet vates, 
added to lyophilic sys tle d “salting out”. The ability of different cations or E anions 
Generally it is onen ion to ion ; and the valences of ions concerne also have 
; i vari rod 
QE tede E the CR A CR ME YER 
i gne i d for ca 
A series, base been drawn up for anions and fc 
lyotropic- series, h tandi? in salting out the lyophilic micelles 
qualitatively RON Ac>Cl>NO,>Br>I>CNS 
Oroa Th>Al>H>Ba>Sr>Ca>K>Na>Li 
OI ia hili systems with opposite charges of the disperse phases are 
when D Sane occurs. Thus gum and gelatine Suspensions havin 
brought together, coa brought together, they are both salted out together in thick 
opposite charges Waa interaction tends to cause coagulation but this is resisted 
micelles. Elec aps the water shell surrounding them. The individual charged 
by the des CR fouether by electrostatic attraction to form a ¢o 
micelles ar 


acervate, 

ipitation i imilar. Extremely fine dust or 

ME Il precipitation is also simi ¢ i : 

The principle in LE d by subjecting them to strong electric fields. A high tension 

suspended in a gas Ss kept hanging in the gas ; the Suspended solid particles in the gas become 

current is aed recede away from the wires and are deposited at the bottom Plates having 
charged. Pra lands, This method has been profitably applied in 

opposite e 


purifying gases from dusts, 
ing dust of cement plants and of gases from smelters etc, 
in removin 


llows. The 
Other. This 
Well as on &, 
e double layer 
epulsive poten- . 
erative between 
T£y curve could 
ials. It is found 


Hofmeister series or 
tions demonstrating 
- The series are 


etc. 


Solid particles 


iscosity of Lyophilic sols. A striking difference between lyophobic and 
xvI.6a. arp s high viscosity of the latter. This is due to the extensive sol. 
lyophilic Ethe disperse phases particles which increases the resistance to fow. 
vana n dediiced an equation for the relative viscosity Coefficient of à suspension of 
Eins 
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very small rigid spheres in which the radius of the particle r is large compared to the 
Sheath of the medium sticking to each sphere, but much smaller than the average 
distance of closest approach between any two sol particles. The equation, which 
is therefore valid for very dilute sol systems, is 
n/n = 1-4-2.5$ = 1 --2.5cv 

where 7 and 7, are the viscosity coefficients of the sol and the dispersion medium, 
and $ is the fraction of volume occupied by dispersed phase in a unit ml of suspen- 
sion. If c gms of sol particles be present per c.c. of the sol and v be the specific 
volume of the dispersed phase, then $ = cv. 

The validity of this relation has been experimentally established in many 
studies on the viscosities of lyophilic sols, especially with gamboge, mastic, protein 
sols etc. The independence of the specific viscosity coefficient Nsp = N/N of a 
suspension of the particle sizes, for the same $, as demanded by the above relation 
has been verified in many instances. The discrepancies observed in certain cases 
are primarily due to the departures from conditions under which the equation is 
strictly valid. 

The numerical coefficient 2.5 is susceptible to changes because it embodies 


tine, gum arabic, etc. This pronounced lowering of viscosity in the presence of elec- 
trolytes is known as electroviscous effect 


added slowly 
n on addition 


TABLE : GOLD NUMBERS OF LYOPHILIC SOLS 


Sol Gelatine 


Haemoglobin | Albumin 


Gum-arabic Dextrin | Potato starch 


Gold number | 0.005—0.01 


0.1—02 | 0.15—0.25 6—20 >25 


It is not clearly understood how the lyophilic sol afford: i i 
colloidal particles against flocculation but it i «har thee dyophgbio 


occul It is Obvious that the i 
two sols are associated or united in some manner. P I WM 
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i ili s and also some lyophobic sols possessing a good 
XVI.6c. I aded ofsetting to a semi-solid jelly-like condition, 
degree o em ordinary temperatures. This happens in lyophilic sols provided 
called. gE N concentrated. In lyophobic sols gelation depends on two conditions 
Kuss ae deu too dilute and that an amount of foreign electrolyte be present 
that these are rtain optimum concentrations. Truly lyophilic sols such 
in the so at Kis rotalbates, mastic, gamboge etc. all exhibit this gelation property. 
OE ithe byonhohie sols having this property, mention may be made of silicic acid 
A E WA eMe (1) high viscosity values and (2) consider. 
E. hese a the dispersion medium, for example, if silicic aod ey 
p ded in water, considerable quantity of water Js absorbed by 
ed simultaneous swelling of the gel-body. This phenomenon 
there is a The most interesting fact in imbibition is that the sum of the net volume 
imbibition | orbe d and the volume of the gel absorbing it is more than the total 
of eg f tlie swollen gel. This implies that the structure of agelisa three-dimen- 
kv "ER det work with large number of void spaces wherein the sorbed molecules 
of satek (or dispersion medium) are e liquid 
Gels, on standing, give out small quantitie poem 
accummulate on the surface. This is known as C a iip dizi 
is no contraction in gel volume which again points g 
net work ne dly Wird into two groups : elastic gels and non-elastic gels, 
mie difference between the two is in their behaviour upon dehydration and 
Uu T REM Partial dehydration of an elastic gel, say gum, leads to an elastic 
RE hich the gel can be easily obtained again by addition of water. But 
Hen gel like silicic acid on dehydration gives a glassy powder and cannot 
S mon; i ing the solvent. 
ba recon ra Sa A, A ieee E ferric oxide, gelatine, etc. when Subjected 
Sonic el shaking lose their semi-solid gel character and acquire the behaviour 
to eens again set to a gel on standing. This Phenomenon is known as thixo- 
or sols Eel thixotropic gels are obtained by adding electrolytes within 
tropy. Some to ordinary sols. Vanadium pentoxide, alumina, bentonite clay also 
certain apis of the examples of this class. When electrolytes are added, the 
Pee oeülats in the form of gel. If too small or too large quant 


) tities of electrolytes 
are added, gelation does not set in and no thixotropic property is observed, 
> 


Thixotropy has many important applications. In "un 
drilling fluid has to be used in order to prevent the rock- 
compact mass. The drilling fluid, such as bentonite es 
in its gel. When the drill is in VETERA ies ig uoa 

i i els : 
io Paid podeis ais of thixotropic behaviour. Undisturbed it is 
When c animal moves on it, it turns into a sol and the animal begins to go dow. 
struggles to come out, more mobile the sol becomes and further the animal sinks, 


as gelatine, 


able swelling 
elatine gel be 
the gel and 
is known as 


(e.g., water) which 
Ting syneresis there 
d three-dimensional 


& deep oil wells or t 
chips cut by the drill fro 
ion keeps the stone chips 
ed toa sol. Tooth pastes 
these flow out more casil 


ube wells, a 
m forming a 
in suspension 
and medicinal 
y with increase 
in a gel state, 
n. The more it 


-7. Kinetic propertis of sols : Brownian motion, In the latter part of the nine- 
ee century Brown, a botanist, observed under a 


1 microscope that pollen grains 
suspended in a liquid had a ceaseless chaotic and haphazard movement. Sol 


particles when examined under a microscope or an wira-microscope’ (through 


xecute random zigzag ceaseless motions, 
motions. Even when a Possible causes 
which may lead to motions, such as heat, light, mechanical vibrations and other 
possible disturbances are carefully eliminated, the particles Move about ceaselessly 
orwnian motions are 


se dispersed Particles, 
Sorous with the į 


44 
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The existence of Brownian motion is an indirect evidence of the existence 
of molecules and of thermal motion performed by molecules. It also additionally 
demonstrates that at any instant the numerous impacts suffered by a sol particle 
on all sides. are not evenly matched and this results in a net displacement in a 
macroscopic time element. There is, however, no preference for directions in 
these displacements. 

One may draw certain analogies between the kinetic behaviour of the sol 
particles in a colloidal system and that of the solute particles in an ideal solution. 
The ideal gas laws are obeyed by dilute solutions which suggest that the solute 
particles undergo chaotic movement similar to those of the gas molecules. The 
only restriction for the validity of the gas laws in solution is that the solution must 
be dilute ; size of the.solute molecules, big or small, makes no difference. If, 
therefore, we consider solute particles to be so big as can be identified with the 
kinetic units of a colloidal system, we should expect the kinetic theory considera- 
tions to apply to such systems. me 

The idea of such an applicability of kinetic theory to sols enables one to deter- 
mine an important physical constant, No, Avogadro’s number, from a study of 
Brownian motion in a suspension. The principles of two such methods for the 
determination of Avogadro’s constant are described here. 


XVLS8. Determination of Avogadro's Number from Vertical distribution of Sol 
particles. Consider a dilute suspension contained in a tall cylinder. The equili- 
brium distribution of the sol particles at different heights from the bottom of the 
Container will depend upon the forces acting on the particles. Had the gravity 
force only been operative, all the sol particles would settle down to the bottom 
after a time. But the sol particles undergo Brownian motions which have no 
preference for directions. Take a sol particle at a height hy from the bottom and 
let it undertake certain Brownian displacements in diverse arbitrary directions. 
The Projection of the resultant displacement on the vertical axis will measure 
the vertical displacement, either upward or downward, of the particle from the 
neun plane at ho. It Me eigen that in the case of downward displacement it 
3 gravity force and in the opposite event, i i 1 
sens gravity pores pp nt, the Brownian displacement acts 
€ situation is quite analogous to the distribution of rTessure and, 

of molecules of a gas contained in a tall vertical column. The distribution eke 
gas molecules at different heights is obtained in the following way. 

Let the pressure at height, ho (reference plane) = p, 

and the pressure at height, ho+dho = py—dpy 


The downward th: 
elehite t aer rust of the gas due to the column between ho and hy + dho 


I counterbalanced at equilibrium by the upward thrust (F, i 
portion eE from the kinetic motions of the i dpud OE dnd 
g e Cj 


TOss-section of the column and Po the density at height ho, then 
9pog dh, = Fo 
or i 9pogdhg = —dpyo s (A) 
The upward thrust Fy is equal to | dogo | , the iVe sind 208 
the fact that dp, denotes increment of ea neeative sign in (A) is due to 
Again, from kinetic theory. 


dp, = $ medn, = 84 me*.dny 


where 7, is the number density of the mo 
by 3/2 kT per molecule, k being Boltzmann 


. (B) 


lecules at height ho. Substituting 1mc? 


Constant, we have 


dp, = kT dn, 
On introducing this in equation (A), 
mneg.dhy = —kT dn, C^ mno = po) 
j dig — 
or em = —mg dh, . (C) 
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E ting (C) over a height A, to ha with the corresponding number densities 
ntegratin ` 
ny and ny, we have (Fig. XV.8) 


kT In = mg(h—h) = mgAh 
2 


RE p a e ANR 


Since k = R/No, Ns ng 


RT In njn 


= . (D 
i.e., Avogadro's number, Ne = PA (D) 
i Fic. XVL8 
i r distributi lecules in z Ronde 
: i valid for distribution of mo z Vertical distribution 
LEE e miden good for equilibrium distribution of Of particles 
a us d t n suspension. For a homogeneous suspension 
sol pa 


s A f.radius r and with effective density (d—d,), since 
ie E eri MA medium of density dy, equation (D) mavis be 
the par 

written as, RT In nyng 


No = Yard —d e AR = += DEVIET) 
The determination of No, therefore, demands the ex 
following quantities : ‘ 
= a n, and ng or nj/n, at heights h, and hy, 
(b) (d-d) the effective density of the sol particles, 
(c) the radius r of the sol particles. 


R ; ing and laborious investigations Perrin and, afterwar d 
Uim care determined the quantities involved in equation (XVL1) and 

other eum methods followed for such determinations are Very briefly 

evaluated No. The experiments were made with a dilute and as far as possible 

ae Ee of gamboge. The sol was allowed to stand in a Cylinder 
0 e . H aye A 

a ERA distribution equilibrium. 


uU Ae ng and Ah : To determine (n) number of 

4 (d) Deter ub iui n a central hole fixed in the focal pl 
microscope sleet was focussed for a view of the level at 
n; etc. The ok disc severely delimited the area of vision and the 
small hole in t a tant, in the visible area. An instantaneous impression (not exact) counting 
pe Ree e vocet Since the sol particles were constantly moving about, the number 
of the number Did not remain constant. A very large number (200 or 300) impression countings 
in the visible area icroscope was next focussed on to a different level, ha, and the difference in 
were made. The ais read off from the vertical scale of the microscope. At this new level also, 
the two ba = of impression countings were made. The ratio of the totzlities of the two series 
arreen countings gave the value of n/n. 


Ay k ON i d") and that of the medium (d 
nination of density : The density of the sol ( r 

1 (b) ; ed eer in the usual way using pyknometers. Next, a definite weight 

pun ension was evaporated to dryness and the weight of the solid residue (w) was fou 


perimental measurements 


particles at a level, a powerful 
ane was used for counting 7, 
height ^;. The Presence of the 
re flashed only a few of colloidal 


0) Were 
Gv’) of 


À nd out, 
The weight of solvent present in w^ weight of sol would then be w’ V. Assuming no en 
volume due to sol formation, we may write mi 

w’ w'—w w 

dU dy d 


from which d, the density of sol particles was known. The effective density (d— 
obtained. 


(c) Determination of ‘r’ : A quantity of the sus 


settle in a tall column. The particles, in the course of. settling under eq 
a steady velocity of fall ‘w’ especially at the early stages, Th 


do) was ‘thus 


Pension was Shaken and then allowed to 
uilibrium conditions, acquired 
€ velocity of fall was ascertained by 
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noting the time required by the particle to move vertically down between two fixed lines with a 
stop watch, observing through a microscope. Stoke's relation, 


Garqu = 4[3ur*(d—dj)g 
was then used to determine ‘r’. 


Other methods were also employed to obtain the density and radius of suspended particles. 
The results obtained from different methods were practically the same, Avogadro’s number deter- 


mined by Perrin and others in this way using different sol systems was found to be roughly in the 
range 6.2 ~7.0 x 10%, 


XVL.9. Determination of Avogadro’s number by Diffusion method. In a suspension, 
the particles execute haphazard movement continuously in all directions. It is 
however possible to consider the displacements only in one direction. The dis- 
placements of a single particle in a given time interval 7 when projected on a plane 
may be imagined as shown in Fig. XVI.9. The Same particle will have different 
displacements in successive equal intervals of time. Different particles in any 
given 7 must also be different. As movements in all directions are equally probable, 
without any preference for a particular direction, it may be reasonably supposed 
that half the particles would have displacements along the positive and the other 
half along the negative direction of the axis. Einstein (1905) first derived a relation 
between such displacement, parallel to the horizontal x-axis, of the sol particles 
and the Avogadro's number, No. 

Consider a portion PORS of a cylinder of cross-section ‘ 
and containing a suspension with concentration gradually 
to right (Fig. XVI.10). Let MN be an ima: 

PQ or RS and let n, and n, be the average number densities of sol particles in 
chambers PN and SN respectively, (n>n). Then n, and n may be taken to repre- 
Sent the actual number densities at the planes aa’ and bb’ at the middle of the two 
chambers. The concentration gradient of the sol particles would then be, 


œ’ placed horizontally 


1 decreasing from left 
ginary plane at a distance x from either 


dx r x^ eR) 


the negative sign is given as the conc. n decreases with positive direction of x. 

., The diffusion of particles from the concentrated to the dilute region across MN 
Will depend on the horizontal components of the brownian motion of the sol 
particles on either side of MN. net brownian displacement in a 


des. her : . Whatever be its 
definite time z, it will have a net horizontal displacement (Fig. XVI.9). 


Fic. XVI.9 Fic. XVL10 


Let the average value of such horizontal displacement components of the 
particles be x in time 7. Since brownian motion 


1 $ can occur in all directions with 
equal probability, we can assume that half the total number of particles in PN 
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have a net horizontal displacement towards left and the other half to the right. 
The latter half diffuses through WN. Similarly for the chamber SN, half the total 
number would have net horizontal translations towards left and would diffuse 
through MN into chamber PN. à l 

Thus, the number of sol particles passing across MN in time 7 from the 
chamber PN to SN = us ; and the number passing from SN to PN — ma, 


Hence net diffusion across MN in time + = 3xo(mn —n;) 2s (il) 


Now the quantity of the substance (Q) which diffuses through a given cross- 
section o (taken at rt. angles to the direction of diffusion) per second is directly 
proportional to the cross section and to the concentration gradient along this 
direction, —dn/dx. Hence, 


dn 
=p 55s 
Q c ax) 7 
where the constant of proportionality D is called the diffusion coefficient. 
In the previous case, the quantity diffusing in time 7 is given by equation (i) 
Therefore, we can write n 


Dc (2). T = jxo(m—nj) 


Do (n, —n3) : 


Substituting from (i), = 


= 4xo(n,—n,) 
or D =a tod (fit) 
Assuming that ideal solution laws are applicable to homogenised suspensions 
as well, we may represent osmotic pressures at any point in the planes aa’ and bb' 
as pı = 1/3 mnc? ; Pa = M3 mnc? 


c? = mean square velocity of suspended sol particles and m the 
particle]. The difference of pressures is 


Ap = 1/3 me? (1, —nj) 
i.e., the osmotic force difference, Apo = 1/3 mc? (mn —n;)o 


This osmotic force difference is responsible for the net diffusion iven i 
tion (ii) across MN in time $5 ‘ i aS given in equa- 
The net osmotic force acting on each particle diffusing in ti Se: 
average velocity x/v, x being displacement in time 7), is given by. time 7 (with an 


mass of each 


f= dxo(n, —n;) 4 $xo(n —n;) nC ++. (iv) 


Now the mean square velocity, c? — Ed _ 3RT 


[ mN? where N, is Avoga diófg 
number. Therefore, equation (iv) can be written as the driving force on a si 1 
Single 


particle diffusing with velocity Z, ie., 


0) 
Under steady condition, this driving force sh 
viscous force. Hence, from Stoke's law and Naan O) be m to the Opposing 
RT an $ 
Na NAE UE 


t (vi) 
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1 X 

from which, N, = RT. a >in) or CHEE) 
Ste RT d a 

or, using (iii), No = na <a + (vila) 


This.relation was used to determine Avogadro’s number, No. 


It may be noted that although the relation (vii) has been developed assuming 
concentration gradient, it does not contain n; or n, ie., independent of conc. 
gradient. The brownian displacement x, depending only on the impact of the 
medium molecules, is independent of uniform or non-uniform arrangement of the 
sol particles in the dispersion medium. , 

It is seen that for determining Ng, it would be necessary to find out experimen- 
tally 5, r and x? (in a time 7). The viscosity 7 is determined in the usual way, and 
the method for ‘r’ the radius has already been described in the previous section. 

The mean square displacement x? was determined by Perrin for homogeneous 
gamboge and other suspensions in the following way. The particles ofa suspension 
were focussed under a microscope. The latter carried within its eye-piece the design 
of a square paper, the length of each small square of which was previously cali- 
brated. The translational brownian displacement along the x-axis was read 
off by noting its position on the square design within the eye-piece. Perrin made 
a large number of observations on a single particle, noting its horizontal displace- 
ment at every 30 seconds interval. This was repeated for a large number of particles. 
The magnitude of x? in time 7 (= 30 secs) was thus determined. 


_ „A brief summary of other methods employed for the determination of No 
I$ given in appendix VI. . 


XVI.10. Macromolecules, The characteristic behaviour of sols is exhibited when 


à ander llus) are those of 
» polysaccharides (cellulose), polyisoprenes 
On the oier Hand, through polymerisation reactions. anoe 
„0 Join up through primary valences into large giant o 

repetitive manner. Thus, ethylene (M = 28) polymetises t ae bd 


proteins (gelatine), nucleic acids (DNA) 
(natural rubber), etc, 


The formation of protein from amino acids is primarily based on a reaction as, 


o [o 
I I 
BR + NH,—CH—C-OH 


Ri Ra 
Oo [0] 
-H;O il ll 
mI. NH,-CH-C—NH-CH-C-—0H —— 


Ri Ra 
This goes on repeating until a giant-size molecule is formed. 
In synthetic polymers, polyethylene is synthesised from ethylene units as. 
[-CH.-CH,—, —> [-CH,-CH,-CH,- CH,- CH; - CH... j 
The Synthesis of nylon from hexamethylene diamine and adipic acid į i 
thagh EE n D Ipic acid is achieved 


-H;O0 
NH;(CHj;NH; + HOOC(CH;),COOH —+ NHCHj, -NH—CO- (CHj,cooH — e 
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The shape of the macromolecules also varies, some of them are nearly spheroidal, 
some of them are rod-like, again many of these have coiled chains repeatedly 
folded. When there are cross-linkings between the units or chains, the macromole- 
cules become rigid which makes them infusible and insoluble materials, such as 
bakelite, vulcanised rubber etc. The physical character of macromolecules primarily 
depends on their shape and size. 


XVI.11. Properties of Macromolecular solutions : Viscosity. Many of the macromo- 
lecular substances dissolve in suitable solvents to form true solutions just like 
sugar or urea dissolving in water. Dilute solutions of ordinary substances,’ we 
know, obey the ‘ideal’ laws. These solutions are governed by thermodynamically 
based relations in respect of their boiling points, osmotic pressure, freezing points 
etc. (Chapter XI). But the great disparity in size and shape of the macromolecules 
and ordinary molecules is responsible for the departure from ideal laws in the 
behaviour of the solutions of the former even at very low concentrations, 

In fact, the solutions of macromolecules or polymers behave like lyophilic 
sols, the solutes having sizes in the colloidal range. There is often considerable 
interaction between the solute (macromolecules) and the solvent. The macromole- 
cular solutions exhibit high viscosities at quite low concentrations. This increase 
in viscosity on addition of polymer solute to a solvent may be quite enormous. 
It may be caused by very extensive solvation of the solute molecule which immo- 
bilises the bound liquid, or the unusually long polymer molecules may be inter- 
tangling with each other as they move. In fact in many of the polymers is observed 
a strong propensity of the solvent-free materials to imbibe the solvent. Gelatine 
in water, rubber in benzene, cellulose.in water, etc. are common examples in which 
considerable swelling occurs on imbibition. 

Macromolecules are often precipitated from solution by adding to the solution 
a solvent in which the polymer is insoluble. During such precipitation, the largest 
molecules come out first ; the lighter molecules follow in order of decreasing 
molecular weight. This helps also to separate, from a polymer sample, fractions 
having different mol. wts. of narrow ranges. _ 

The studies in viscosity of polymer solutions also give an opportunity to find 

. out the molecular weight. Some semi-empirical relations have been derived between 
the individual polymer molecule and the intrinsic viscosity In] of the solution 
The intrinsic viscosity is defined as : 


1 4=70 
n] = lee | 
: C 7» Ltc,o 
where, 7 is the viscosity of the solution, and 79 of the solvent. Rememberi 
a polymer sample is composed of different mol. wt. fractions, the inttinbio vic ds 
is found to be related to the molecular weight (M) of a fraction a: ity, 


S 
[»] = KMe 
orta d log [n] = alogM + log K - + RVL) 


the constants K and a are empirical constants depending on t ] 
(size, shape etc.) and the temperature. The experimental nde polymer 
for several known molecular weight fractions of the same polymer all ion of | 
of K and a. When K and a are known, the mol. wt. o any batch ows evaluation 
can be easily obtained [sec Seg 1.15]. of the polymer 
Molecular weights of polymers. It is necessary to defi 
wts of the samples of polymers. The polymers have a hore the average mol, 
and any determination of size or weight would necessarily į molecular weights 
an average value. Two kinds of averages are generally combiner s Some sort of 
(i) The number average mol. wt., denoted by AZ, i ‘ 
21S . 
n 18 defined as the weight of 


the sample divided by the total number of mol 
sample consists of n, moles of mol. wt. M. es (n) present, Thus, if a puishaer 
j 2; etc. then 


» a moles of mol, wt. 
My n; M, n4 M. F z 

TM Tis My 3-5 EC 
Mn Ny -+++ + X . » un 


=“ 
2 ny 
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Multiplying both numerator and denominator by N,, (Avogadro number), 


lem ZniNoMi UNM; I 3 
Mn Svan BL e e (XVE) 


where N; denotes the number of molecules with molecular wt. Mi. 


The number average molecular weight is naturally shifted towards the lower 
molecular weights. For example, if a sample contains 5 molecules with M += 500, 


and 5 molecules with M, = 50000, then M; = 25250, although 99 % of the sample 
remained in particles of M;-weight. 


(ii) The weight average molecular weight, denoted by My, 
masses m; of the material present in different molecular weight fr: 


M EmMi i 
=m 


depends on the 
actions ; so that 


; P E 2 
ie., My = E 


If C denotes the concentration in gms per unit volume, then C; 


= XNiMi ; or 


yo — ZOM,  XOGMQ 
lg or edm o (XVL4) 


Suppose a sample contains 20% of pol = ? = 
ao p 76 of polymer M, — 3000 and 80 % M = 30000, 


— 0.2(3000) + @8(30000) _ 
Mu = FOR = 24600, 


but Fry = 926000) +-0.08(30000) 


OZ FO. = 10714 


DE tie Pressure. 
polymer solutions, such as freezing pt. de ression, boili i i 
elm m gp p ; boiling pt. elevation, osmotic 
molar concentration. The laws of dilute Solutions are obe 
ordinary solutions up to a 

deviations are Observed with 


( : ng molecules of size, say, 200 
density. Then its mol-wt. is $7(2x 10795 x 1» 6x 1023 22 2 x 


lt is obvious then that even an xt ly di i 
0.00001 M, will contain 2051 cl ifs BUS remely dilute solutio 
its molarity is very low, is really not p 
Again if we take a one percent Solution of the polymer, then the concentration 
y Shall be A Raxima 5x10-" M. The freez- 
point elevation of s i i 
ideal behaviour, will be of the order of (10-*)°C, wii ji iot She a 
detectable. That is why these properties are not Studied in connection with polyn " 
solutions. It is only the osmotic pressure of dilute polymer solution, thou: " 4 il 
which can be experimentally measured. . pid pos: 


It has been shown by McMillan and Mayer (1945), that : 
of a non-electrolyte solution may be represented as » osmotic pressure (7) 


RT 
t = g l + Bel + ee + see v (XVES) 


where c is the concentration in gms/litre. B, C, etc, are virial co-efficients, In the 
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e i rite the above 
eal dilute io the constants would vanish. We can Tewrl 

ide: lute solution, th 

case of id 1 Vi 
equation as. 

equatic " 


RT 
— = = + Bo, 
fox m 


lecting higher powers of ‘c’ in dilute solutions. 
neg 


The validity of this relation in dilute poly- 
mer solutions is established from the fact that 


i i line is 
W — i inst c, a straigh 
when 1S plotted aga y t 


i i . By extrapolating the 
ed (Fig. XVL11) ped 
ae c—0, the intercept RT/M is obtained M : 


ie LET: 
© gmiex 103 

from which the molecular weight is known. In 

r 


: ; Fic. XVI.11 Osmotic pressure of 
y Ww d is the 
then mol. wt. obtaine 
case of polymers, 


polystyrene solution in toluene 
(7 in cms of toluene) 


i i ists of a 
" are in use for such studies, One common type consis 
Different types of bid ue uniform capillary tube at the top and a swollen cellulose film 
stainless steel chamber m ber is filled up with the solution up to the lowerendof thecapillary, 
at the bottom. The naa dn a large container of pure solvent and allowed to attain osmotic 
EA t imm 
Emu n temperature is kept constant throughout. 
equili . 


number average (M). 


ilibrium. It has however been found 
XVI.12a. The Donnan a aes gave results for mol. ws. of n 
measurements 0: th se obtained by other methods. The explanation came from 
much lower than tho lution, say of a protein, there are giant ions having several 
Donnan (1911). I s are counterbalanced by opposite charges of normal sized 
units of charges whic rotein solution is kept separated from an ordinary salt 
simple ions. When ERNE membrane, it is expected the ordinary ions would 
solution by a E ¥ iant macromolecular ion is indiffusible. But the small ions 
only diffuse out, coul the membrane do not escape as the energy required to 
though qu the field of giant ion is quite high. The Observed mol. wt. 
take these away Ind is thus a number average mol. wt. of the giant ion 
from osmometrio exp ne effect would be 


that even careful 
f macromolecules 


d the other ions dissociated from it. The Donnan's membra: 
and the ing. is ; i 
understood from me folds membrane separates a sodium chloride solution 

Suppose a A of NaP (conc. ca), in which P- is a non-diffusible macro- 
Cone: em Sines P- ions cannot diffuse but Cl- ions 
molecu : 


b p can, the latter will pass 

1 . To maintain electrical neutrality, sodium ions will also 
from one side ebro amount x of Nat and CI- ions would pass. The con- 
diffuse. At equ i A as follows, because of electrical neutrality in each chamber. - 
centrations wou I I 

Nat CI- Na* P= CI- 
Initially : e Es x LM 2 : 
Ateqm: ^ G—X Ci = Ta - 


ince the chemical potential of NaCl will be the same at either sid, 
pa wo+RT In (anats. 407). = WRT In (ayat 
i.e. GNa*,. UCl-, = Anat 

i.e., 


©, MNa cy = PNachy 

u'i) 

n: ACi 

' x c. 
"nod behaviour, (c;— x) (e —x) = (cs -x)x or = 1 

Assuming ideal 1 atx)x, Ca c + 2c, 

amount diffused 


1 ction of NaCl diffused dep 
pate oer. It gives, 


x = [e 2e). 


ends on c}. If Cais large, the 
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The osmotic pressure of the solution is then, 
RT((es d-x +X c2) — (ey —2x) — (e —x)} 


T 


or T 


E» (ei -c;) aj. ra 
2RT (c—c,4-2x) = 2RT ey (c, 126) (substituting x). 
The measurements of osmotic pressure in s 
the Donnan effect by using high concentr 
results for mol. wts. of macromolecules. 


uch a condition, i.e., ‘swamping out’ 
ation of electrolytes, gave satisfactory 


aluable weapon 
1 s. Its originator 
„was awarded the Nobel prize for its development. 


à Centre of rotation. The concentration is usuall 
optical methods of estimati 


Suppose, on attainment of eqm, the concentrations (in 
particles at distances x 


1 and x, from the centre of rotation b 


gms per c.c.) of the 
The centrifugal force (f)onap 


r € €, and ca, (x, x). 
article of mass m at a distance x is jid, 
f = m'xw?, 
gnere a is the angular velocity and m’ is the effective mass of the Particle in suspen- 
ed state. 
If v be the specific volume (i.e., volume of 1 gm) of the solute or Suspended 
material and p, the solvent densi 


ty, then m' = m(1—vp). 
Now, the free-energy change involved in moving a particle, from oct 


Xa 
AGcent. = =f m'xw?.dx = — 


Xi 


to Xo, is 


Xa 
Í m(1—vp)xo?dx 


1 


= —m(1—vp)w?, Rn = 


The negative sign is used as free energy decreases with increase in x, 


Apart from the centrifugal force acting on the Particle, there is also the ten- 


dency of diffusion in the opposite direction. The work involved in diffusion for 
one particle i.e., free energy change is 


Cy 


RT 
AG diffusion — N In " 


At eqm, thenet AG — 0, 
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RES 2 (xD 
Le; o — m(1 —vp)o s 68 7 = 6 
Si M NE 2RT In cse, 


w*(1—vp) (x3 —x?) - . . (XVI.6) 


As already mentioned that c, and c, are optically determined, the value of M, 
mol. wt. of the macromolecule, can be obtained from this relation. 

The other alternative is known as the Sedimentation velocity method. In 
this method, starting with a well-defined boundary or layer from near the centre 
of rotation, its movement towards the outside wall of the cell is carefully followed 
during very high centrifuging, say 50000 r.p.m. The change in position of the layer 
is often measured from ultraviolet absorption or from refractive index variation. 

The centrifugal force causing the motion of the macromolecules or suspension 
towards the outer side of the cell is given by 


f = m(l—vp)xw* 
This motion is opposed by the frictional force, given by Stokes equation, 


pr .dx 
f' = 67s 2 


modx:- 

When the drift-velocity T is constant, the two forces balance each other, 
f= hee 
dx 
dt a) doe (A) 

Now, the centrifugal field is xw* and the velocity is dx/dt. TI 
unit field is called sedimentation coefficient(s) and is expressed as 

sis dx/dt 


xw? 


m(l—vp)xo? = 6anr 


1e velocity under 


Very often the value of s is of the order of 10715 cm/sec per unit field. Sedimenta- 
dE Voeffücient unit, has been given the name ‘a svedberg' unit equal to 1 s TER 
cm/sec.]. Rewriting eqn. (A), 


m(l—pv) = myrs 


= — SmarNos 
2 Pg oup SS 
From equation (vii.a) in section XVI.9, 
i RT 
the diffusion coefficient, D= ENF 
MARRIS 
Hence D(1 —vp) D (XVL7) 


The determination of diffusion. coefficient, 


) sedim ; à 
sity, permit the evaluation of the mol. wt. of m. entation coefficient and 


acromolecules, 


14. Scattering of Light. The scattering of a beam ; 
end giving rise to Tyndall phenomenon, has al ut. [od by å cubeudal sus- 
(Sec. XVL4). The study bn tramigroscope of the Scattered ra loned earlier 
heterogeneous character o E e colloid system and also allowed the jio 
number of dispersed particles Per tnt volume. But observation S counting of 
microscope does not furnish any details about the s ape and siz e er the ultra- 
Moreover, if the refractive indices of solvent anq Suspendid ^ o the particles, 
appreciably different, the intensity of the scattered beam is very poor A 


den: 
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ment and interpretation of the amount of light scattered by a solution of macro- 
molecules in various directions lead to some very interesting results. . r 

When light of wavelength A and intensity J, is passed through a dispersion 
system of length / and if J be the intensity of scattered light, the relation between J 
and J, is given by 

1 Is 
D a ET 

where 7 is the turbidity of the dispersion or the colloidal system. . 

In the case of macromolecular solutions or colloidal suspensions, where the 
particle sizes are about the same order as the wavelength of the light used, it has 


been shown by Debye* that the turbidity is related to the concentration by the 
relation, 


Hew d 2 
Ear Ber +... PARED 


where M is the ‘mol. wt.’ of the scattering particle ; B, D etc. are constants ; c 
is the concentration in gms/c.c. The quantity H, which depends upon wavelength 
of light (A), the refractive indices, etc., is expressed by 


3273n2 (== ll 
3MN, € 


in which z, n, are refractive indices of solution and solvent, No, Avogadro number. 
Now, for a given solution of known c and ng, the turbidity 7 and the refractive 
index n of the solution are carefully measured. The value of H is thus known. 

The calculated values of Hc/7 for different solutions are then plotted against c 
and extrapolated to c — 0, from the intercept of which the mol. wt. (M ) can be 
determined with equation (4) above. The mol. wt. so obtained is the *weight 
average,’ 

In measuring turbidity, 
the direction of the incident 
Ing particles are small. Bu 
from one part of the parti 


H = 


the emergent beam is generally observed at 90° to 
beam. The results are quite satisfactory when scatter- 
t in the case of macromolecules, the light scattered 
r cle would interfere with that from another part. Hence 
some correction for dissymmetry of the particle is required. This is obtained from 
a ratio of scattering intensity at 45° to that at 135° to the incident beam. This 
ratio is found to be greater than one. Although the experimental difficulties are 
great yet light scattering has become a very important tool for assessing not only 
the mol. wt. but also the size and shape of the particles. 

XVI.15. Protein Sols. The wide variety 
form the most important group of naturally occurring macromolecules These 
are produced from repetitive linking o 3 

are amphotropic in nature. In sol 


€. At a particular 
ement in an electric 


-7, it moves towards the a: 


s m horse serum has 
ONSE ANIME T ME ero mobility of a protein at a definite 
*Debye, J. phys. and colloid chem., 51, 18, (1947), Also read princi 1 

by Flory pp. 287-90. Principles of polymer chemistry 
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k T in which the 
is a useful identifying characteristic The bia bauen of the 
H and ionic strength hanes with H* ion concentra: ra ble at the Isoelectric point 
mobility ofa PE HDE protein. Proteins are ee i at the isoelectric point. 
ionisable groups o the greatest tendency to ‘sa ke unit potential gradient 
nd have naturally th acquired by the particles u s that of simple ions. 
1 eneral, the velocities sec., which are almost the same a v eicb «pL. 
"e round 2 x 107 emishi int, the proteins are either fil ee o M odes einbulss 
[os the structural san i aod. muscle, nail, etc., arei nso ie > soluble: 
fibrous ati egg albumin, haemoglobin, etc., z 
proteins, as fou 


: A cis c 
ion Colloids. There are instances where n a eee pu SEA 
XVI.16. Association eet molecules or their ions con ERI de 
in concentration, the s thermodynamically stable igger pi suali yi incorporate 
in co neously to form. lled association colloids and these us EU e d 
spon cr Eee These are ca sable quantity of solvent molecoles.. i Be eae 
dime aggregate appeoa macromolecules as the latter are in m nal a eS 
into ids cannot be regarded a also differ from lyophobic colloids w xe poo m 
ed size in solution. T EA ‘micelles’ is almost voe aly NA vim 
of gia ically unstable. The ed in solution by association colloi T POET DN 
E or aggregates for selle formation from neutral heed "res P 
are some poe tibt mostly dou iyoploblo group and a 
lene oxide, olecule al C 
as polyettyi soluto ok association colloid is that of sodium oleate, 
ili ar 
lyophilic group. a*. The long hydrocarbon p ud 
[Ciz Has] cc i n pi portion which te to 
C, Has 1S EUM om the selvent water. ib MER 
fry COÓNa is the ionisable Heide n 
*head' : water resu . 
which tends ET is quite low say less hin 
When tHe cone have a simple solution o a us 
3 x 103 M, dri concentration SR eene s 
Sie obo hydrocarbon pari V RR SM rni 
(0) a v : 
ies solvent UNDE The micelle tormen i 
ek Pu of anions. The Ee npe deter 
ded onamo oes he Endro carbon ends Fic. XVI.12 Micelle formation 
it is more or less PANEO groups projechag (diagrammatic) 
i interior and- t is thus a 
are in a with the soyent te as to which oppositely Chateed ier 
coe particle with charges ble layers. The name “colloidal electrolyte” is also 
aaa bs attracted forming BUE Similar micellization with anionic groups are 
often used for such ENEE some dyes etc. Micellization With cations are 
found in other eR aene. such as in CTAB (cetyltrimethy] ammonium bromide), 
also kno CH N* Br-. 3 EP, i 
(C, ¢Hss) (CH3)s olutions, potassium oleate arid similar other substances, which 
In very dilute mam as individual molecules Jonising into positive and nega- 
later on mice lre od occurs when a particular : 
tive ions. MESS The initial concentration. at 
given Taran the critical micellization concentra 
designated as lloid has a definite cme at 8 given temperature, Increa 
association a jede The change from ions to micelles is reversi 
ture lowers t a ation colloid, it is possible to revert to the original 
diluting an A eh a very dilute solution if the Concentration is gra 
EE of the solution such as equivalent Conductance, surface tension, 
the proper fficient change regularly and Smoothly just as with solutions of 
om Serdlytes But after reaching a certain con 
ene Ae erties undergo an abrupt chang 
ne: 


~oncentration, ie, the cme, 
i €. This is Obviously due to the 
tart of the micelle formation. In fact, these pro 

star 


Perties are observed and 


S cme. Every 
se of tempera- 
ble. Hence, by 
simple solution. 
dually increased, 
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plotted against some function of concentration, say s/m. From the sudden 
break of the curve, as shown in Fig. XVI.13, the critical micellization concen- 
tration would be known. 


The study of association colloids has 
become of great importance in recent 
years as many of these function as excel- 
lent detergents and emulsifying agents. 
These colloids also play a very important 
part in solubilization of solvent repellant 
substances by accommodating the latter 
inside the micelle clusters. Water insoluble 
dyes are solubilized in soap solutions and 


subsequently deposited uniformly on fabrics 
(McBain). 


Assoc. Colloid 


Eqv. Conductance À 


XVI.17. Emulsions. An emulsion is ob- 
tained when fine droplets of a liquid are 
dispersed in another liquid immiscible with 
it. Milk is a naturally occurring emulsion 
in which fine globules of fat are dispersed 


ES in water. The sizes of the droplets are 
m approximately in the region of 1 p in 
Fic. XVI.13 Eq. conductance of diameter. Emulsions are often prepared 


association colloid ys. 4/m by vigorously shaking together the two 

liquids, or sometimes these are mechani- 
cally mixed in homogenizers in which one liquid is atomised and sprayed into 
another. High frequency ultrasonic waves have also been employed in some 
cases to obtain emulsions. When the emulsions are formed from two pure liquids, 
their stability is poor and on standing for some time these separate into the two 
layers of pure liquids. To prepare stable emulsions, it is necessary to add a small 
amount of an emulsifying agent. Soaps of different types, detergents, long chain 


ssified into two types : (i) oil in water type in which 


n water medium and (ii) water in oil type in which 
in oil. Here the term ‘oil’ is S 


th The type of emulsion produc 
nature of the emulsifying agent used. Thus, when 


oil emulsion is produced, 


ion, a small quantity of water 
s ved under a microsco ilsion 
is oil-in-water type, water would mix freely wit Siu, ne emulsion 


> m n co us 
electrolyte would be negligible. nductance on the addition of 


In many respects emulsions have characteristic Properties sim; 

3 . . S 
lyophobic colloids. The brownian motion and Tyndall Sieb E mo s 
with emulsion, as also the electrophoretic motion und i a e 


er an applied field. The 
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globules are negatively charged usually and these move towards the anode. The 


dispersed droplets are Very sensitive to electrolytes and are easily ‘salted out? 
with polyvalent cations. 


i t commonly broken up by brisk centrifuging, just as is universally done 
in Mee IE milk. Freezing or boiling is also sometimes resorted to. One method 
of breaking up emulsions is to remove or change the emulsifier by adding external reagents, When 
soaps are used as emulsifying agents, if the same are hydrolysed by adding acids, the emulsion 
would easily Giese emulsions is now usually explained with the help of ‘‘adsorption film theory” 
EE i ii It is believed that the emulsifying agent forms an adsorbed film on the 
surface separating the two liquids. This film is in contact with two phases, oil and water, and 
has two surface tensions. As a result the film will curve towards the phase on the surface of which 
tension is higher (Fig. XVI.14). The result is the dispersed liquid will be on the Side of the film 
with higher surface tension. When univalent-cation-soap, like Na-oleate, is used, it is preferentially 
adsorbed or more wetted by water, than by oil. The surface tension is lower on the water side 
than on the oil-side. Spontaneously to reduce the area of the higher surface tension, the film 
curves the oil into droplets producing oil-in-water emulsion. On the other hand, when calcium or 
aluminium soaps are used, these are more easily wetted by the oil than by water. As a result, the 
water-surface is curved and water-in-oil type emulsions are formed. 


2221 4 40 
Fic. XVI.14 Formation of emulsions 


Fine powders may also act as emulsifying agents, hydrated silica is ers 
in-oil type emulsion, where as carbon black is employed to prepare oil- 
sive study of emulsions is now encouraged for their varied application 
industries. For example, in the concentration of ores by oil-floatation m 
ore is treated with an oil emulsion such that the required constituent is 
the interface for convenient collection. 


1 r obtaining water- 
im-water types. An inten- 
s in food, drug and other 
ethod, the finely pulverised 
preferentially adsorbed on 


References for further reading 


‘Colloid Science'—Alexander and Johnson 

. ‘Colloid Science'—Kruyt 

‘Colloid Science'—Kraemer i 

‘physical cheniistry of colloidal solutions—Burton 
*Physical chemistry of macromolecules'—Tanford 

. ‘Principles of polymer chemistry'—Flory 

. ‘Colloid Science'—McBain 


BmoenmnBemBc 


Problems 


1. The observed osmotic pressures of a polymer in Nerone af 5 


conc (gms/100 c.c.) 0.50 1.00 pe 
m gms/cm*? 0.505 1.03 L27 1.50 2.00 


find the number average mol. wt. (1 atmos = 1033 gm/cm?) 1.58 2.16 


C were found to be: 


704 PHYSICAL CHEMISTRY [ XVI.18 


2. The sedimentation coefficient and diffusion coefficient of insulin are 3.5 x 10-1 sec and 
8.2 107? cm?/sec respectively. The specific volume v = 0.75 c.c./gm and density, pH,O = 0.998 
gms/c.c. Calculate the mol. wt. of insulin. 

3. Calculate the sedimentation coefficient of an enzyme if in an ultracentrifuge a boundary 
moves 0.62 cms per hour when the speed is 12000 rpm from the centre of rotation 8 cms away. 


4. What is the diffusion coefficient of the particles in an aqueous colloidal solution at 25°C 


if their mean radius be 20A? The viscosity of the solution is 


assumed to be the same as that of 
water. 


5. The mol. wt. of an albumin is 50000. Calculate the fr 
Pressure of its solution containing 10 gms/litre at 27°C. 


6. A sample of polystyrene dissolved in toluene 
viscometer at 25°C. 


conc. gms/100 c.c. 0 0.1 
time in sec. 86 99.5 


eezing point depression and osmotic 
gave the following flow-times in an Ostwald 


0.3 0.6 


133 195 
Find out the intrinsic viscosity ahd hence mol. wt. assuming k = 1.03 x 10-* and a = 0.74. 


7. In a sedimentation egm with a £old sol, there were 889 particles/c.c. at a. certain height 
of 40 mm from the bottom and 108 particles/c.c. at a height of 41 mm. Assuming spherical 
o 
shape, show that mean value of their radü is 227A. [density of gold, 19.3 gm/c.c.] 


8. In the eqm. distribution of a gold sol particles in the gravitational 
data were recorded : 


radius of particles = 625A 


field, the following 


Ah=h—-h, = 44.4y 
19.32 gm/c.c., density of water = 0.899 gm/c.c. 
no. of particles ; n, = 328.9 and n, = 40.4 
Show that Avogadro number is 6.19 x 1023, 


density of gold = 


CHAPTER XVII 


PHOTOCHEMISTRY 


XVII.1. Photochemical Reactions. The reactions ordinarily carried out in the labo- 
ratory and whose mechanisms and kinetics have been considered in Chapter XV 
are ‘thermal’ or ‘dark’ reactions. In these reactions, the activation ener is 
obtained through collisions. The average kinetic energy of translation (3/2 RT) 
is of the order of 1000 calories and is not sufficient for chemical transformation. 
The energies needed for chemical reaction are in the range 104—105 culo pe 
mole approximately. But we know from the distribution law; some molecules at 
any instant would possess sufficiently large an amount of energy and these are the 
ones which suffer chemical change in an ordinary thermal process. 

The activation may also be effected by providing the necessary energy from 
other sources, such as from collision with photons of visible, ultraviolet r ays or 
of X-rays or y-rays. A photon of radiation, also often called quantum, is a EE 
unit of radiation and is given by Av. Besides photons, high energy particles like 
a-ray, B-ray or protons, neutrons etc. from cyclotrons or reactors may be used for 
activation purposes. . LN 

When the chemical changes occur directly or indirectly in consequence mainly 
of absorption of photons from visible and ultraviolet radiations having wavelen gths 


about 10000 A to 1000 À, the reactions are called photochemical reactions. 
er in this range varies from 1 ev to 10 ev or 23 to 230 Kilocalories per 
mole. Photochemistry therefore concerns itself with reaction effected with the 
help of visible or ultraviolet radiations. 

On the other hand if a photon from X-ray tube or a y-ray photon be used, 
or if high energy particles a-rays, protons, neutrons be employed, innumerable 
molecules coming in their path would be ionised, their energy content being very 
high. These ionisations would lead to chemical changes through secondary pre. 
cesses. For example, when a y-ray photon of an approximate energy value of 1 mey 
passes through a medium, extensive ionisation of the molecules takes place. With 
a photon from visible or ultraviolet source, the ionisation occurs but seldom. 
a, B, y-rays, protons, neutron beams etc. are therefore called ionising ra. TRTE 
The study of the effect of these radiations therefore comes in the field of what is 
now called Radiation chemistry. Lr m 

The energy involved in visible radiations is in the range 35000 to 72000 calories 
and that in the ultraviolet region in the range 72000 to 286000 calories per mole 
[See the energy values of different radiations given in the table below and also axe 
Fig. VILIO.] The absorption of these visible and ultraviolet radiations may. 
under suitable conditions, lead to direct chemical changes. > 


TABLE : ENERGY OF DIFFERENT RADIATIONS 


Wave length Frequency Description Energy per mole in 

A(A) Ü 
calories 

105 3 x 1013 Infra red 2860 
104 3 x 104 Near infra red 28600 124 
8000 3.75 x 104 Red 35700 1.55 
5000 6 x 10 Blue 56900 2.48 
4000 7.5 x 10! Violet 71500 3.10 
1000 3 x 1015 Ultra violet 286000 124 
1 3 x 1015 X-rays 2.86 x 108 12400 
0.01 3 x 1020 y-rays | 2.86 x 1010 1.24 x 10° 


There are some noteworthy differences between the thi 
chemical reactions. In thermal reactions, the temperature 
45 


ermal and the photo- 
Coefficient is generally 
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hotochemical process, the intensity of light introduced from an 
pU does not pm on the temperature of the reacting system. As 
such the primary process of photoactivation has a very low temperature 
coefficient. À : à 
Moreover, the occurrence of thermal reactions is always accompanied by a 
free energy decrease. But there are a number of well known photochemical reac- 
tions in which an increase of the free energy is involved. Remembering that photo- 
chemical processes may be non-spontaneous, such increase in free energy is not 
ruled out ; the photon absorbed may increase the free energy of the reactants 
sufficiently to make AG negative. The photosynthesis of carbohydrate through 
chlorophyll and sunlight is an outstanding example where the transformation 
involes free energy increase. Other instances are polymerisation of anthracene, 
decomposition of ammonia, etc. 


XVIL2. Laws of Photochemistry. The photochemical reactions are governed by 
two basic principles, the Grotthus-Draper law and the Einstein law of photochemi- 
cal equivalence. 

A. The Grotthus- Draper law states that only those radiations which are absorbed 
can be effective in producing the chemical change. It does not nécessarily mean 
that all, or any, of the light would be effective in causing chemical change. In 
many cases, the energy absorbed is rendered into heat ; in other cases the absorbed 
energy is re-emitted as radiations of some other frequencies. An interaction between 
an approaching photon of radiation and a molecule would occur only when there 
is some simple electronic, atomic or molecular motion which can use up the exact 
amount of energy contained in the photon of radiation. If there be no such change 
or motion within the molecule, there shall be no absorption and, hence, no physical 
or chemical change. The photon will be absorbed if there be within the molecule 
Some change which is not forbidden by quantum restrictions and which corres- 
ponds to the energy contained in the photon. After the energy is received by a 
molecule the same may be given up to other molecules by collisions increasing the 
Kinetic energy. The net result is rise of temperature from tlie conversion of the 
radiation absorbed into thermal energy. j 
. . The extent of absorption of radiation is related to the depth (/) of the absorb- 
ing material, the relation being expressed by Lambert’s law, 


I= he <. (VIL42) 
where k is the "absorption coefficient" and I-terms are intensities. In the case of a 
solution, the quantitative relation between the amount of absorption of light 
and concentration (c) is given by Beer's law, as | 


S TRS I = I, 10-«¢! » . . (VIL45) 
where e 1s the “molar extinction coefficient.” These relati i 
already dR See NOM officie ese relations have been discussed 


ended the concept of quantum theory of radiation 
. The principle states that “each i ia 


absorption di 
the number of reactant molecules Een oiendl Change Ouid DUROS 
to the dew of quenla of energy absorbed. But the q 
and the subsequent chemical processes must be clear! distingui 
activated photochemically may initiate a sequence OF e moea 
reactant molecules through a chain mechanism woul 
In such cases, the number of reactant molecules transformed will be many times 
the quanta of energy absorbed. In some ‘cases, where quick deactivation takes 
place, the number of reactant: molecules suffering change would be less than one 
per quantum. Einstein’s law therefore sh i 


i hould not be interpreted to mean that one 
molecule would react per quantum of li 


: of light absorbed, but that only one molecule 
js activated by each quantum of radiation. 


— 
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The efficiency of a photochemical 
quantum yield ($), which is defined as the n: 
of light absorbed, i.e., 


process is often expressed in terms of 
umber of molecules reacting per quantum 


no. of molecules reacting 
no. of quanta of radiation absorbed 
If the light absorbed has a frequency v per sec or wavelength A in Cms, then its 


energy is Av ergs. The energy absorbed per mole, according to the law of photo- 
chemical equivalence, is 


Nohc 
E = Nv = CX ergs per mole Do (XVILI) 


Since c = 2.998 x 10! cms/sec, h = 6.625 x 10-27 ergs- 


Sec and Ny = 6.02 x 1023, 
1.196 x 108 


we have, E= n ergs per mole - + « (XVIL2) 
If A be expressed in Angstrom units, (1 Art 10-8 cms), 
16 
E= enc. ergs per mole > + + (XVIL3) 
1.196 x 1016 : 
or, Bi= Wx4.184 x 107 calories per mole 
2.859 x 105 kilocalori 1 
= X ilocalories per mole ++. (XVIL4) 


This energy (E) which activates one mole of the reactant i.e. 
corresponding to Avogadro number of photons is called ‘one einstein’, 
the energy will be greater lower the wavelength. So an einstein corre 
violet or ultraviolet radiations would involve more energy than one i 
red region. 


» the energy 
It is evident 
Sponding to 
n the visible 


Example. Calculate the energy in ergs, 
wavelength 2000 A absorbed per mole. 
1.196 x 101% _ 1.196 x 1015 


calories and electron volts in ultraviolet light of 


(à) Be 1 2000 . €!85 Per mole (from eqn. XVIL3) 
= 5.98 x 10! ergs/mole. 
5.98 x 1012 " 
() E IAO calories per mole = 1,43 x 105 cals/mole 


1.43 x 105 


(e) Since 1 e.v. = 23060 cals, — E— -E = 6.2 e.v. Imole 


The quantum yield of some well-studied photochemical reactions are given below 


QUANTUM YIELD OF PHOTOCHEMICAL REACTIONS 
Reactions 


Wavelength (A) E 
2NH, = N; + 3H, 2100 f (quantum yietdy 
SO, + Cl, = SO,CI, 4200 0.25 
2HBr = H, + Br, 2070—2530 is 
2HI = H; + I; 2070—2820 20 
(CHj&Ns = CH, + Nz 3660 2.0 
2NO; = 2NO + 9. 3660 2 
CO + Cl, = COCI, 4000 — ES] 
Hy + Ch = 2HCI dn om «10: 
maleic acid—-fumaric acid 2000—2800 X105 
CH;CICOOH + 'H,0-~CH,OHCOOH + HCI 2537 0.04 
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Experimental arrangement. A schematic representation of the experimental E 
required in studying photochemical reactions is given in Fig. XVIII. The reactants Si tal E 
a glass or quartz cell X whose walls are optically plane. The cell is kept in a constant temperatu 3 
bath D. From the light source (L) the radiations are passed through a condenser system (4) 
when a parallel beam is formed. Different gas-discharge tubes, metal-arcs, filament-lamps aS 
used as light source (L) depending upon the required spectral range. The parallel beam then passes 
through a filter or monochromator B, so that a beam of only definite wavelength may come out 
to enter the reaction vessel (X) after its passage through the slit C and window (Wi). 


Fic.XIL1 Experimental arrangement for studying photochemical reactions (schematic) 


After absorption in the reaction vessel, the residual portion of the radiations passes through the 
window (W,) and finally enters a photocell or thermopile etc. in which the intensity of the radiation 
could be measured. When ultraviolet radiations are used, all transparent parts are made of 
quartz. 

The intensity of the radiations is estimated with the help of photocells, or better, thermopiles. 
The thermopiles are multi-thermocouple junctions and these are previously calibrated against 
standard light sources. So wlien any radiation falls on them, the intensity of the same is known. 
Sometimes chemical actinometers are employed. These contain reactants sensitive to light. A | 
commonly used actinometer is the uranyl oxalate actinometer in which a mixture of 0,04 M oxalic 
acid and 0.01 M uranyl sulphate is taken. On exposure to radiation, the change, 


H;C;0, — CO, + CO + H,O, 
occurs. The amount of reaction is measured by titrating back the residual oxalic acid with per- 
manganate. The uranyl ion does not change. In the wavelength ran 
mole of oxalic acid decomposed is equivalent to 1.75 einsteins (= 1.66 
sity in the experiment concerned is evaluated from this standard value. 


The reaction rate is measured by the usual methods of study as in chemical kinetics, Small 
quantities of samples are Pipetted out from time to time and analysed. Or, the change in some 
physical property, such as optical rotation or absorption or refractive index, is followed to deter- 
mine the rate equation and the quantum yield (4). 


ge of 2540 — 4350 A each 
X 10° calories), The inten- 


Example. On irradiation of propionaldehyde at 30°C with light of À = 3020 A, the quantum 
yield for CO is found to be 0.54. The intensity of incident light is 15000 ergs/sec. What is the light 
intensity in einsteins per sec? Also find out the rate of formation of CO, 


1.196 x 1016 
At A = 3020 AP OG einstein — ot ergs/mole 


. 15000 ergs = 15000 2020) 
"i 1.196 x 1018 
no. of molecules reacting 
no. of quanta absorbed 
no. of moles reacting 
3.78x10-9 
Hence, rate of formation of CO = 0.54 x 3.78 x 10-9 = 


= 3.78 X 10-? einstein 


Nowsuantog yields = no. of moles reacting 


no. of einsteins absorbed 


a $ = 0.54 = 


2.04 x 10-9 moles/sec, 
XVII.3. Primary Processes in Photochemical Reactions. The first step in a photo- 
chemical process is the absorption of energy of the radiation by the molecule. 
The energy obtained from a photon in the visible or ultraviolet region leads to 
an electronic transition (Chapter VII). The primary process therefore consists 
in raising the electronic quantum level of the molecule by absorption of energy. 


The energy-rich or the excited molecule may then behave in different ways. If 
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the excited molecule re-emits the absorbed energy, wholly or partly, in order to 
come back to the ground state, fluorescence or phosphorescence may occur to 
which we shall refer later. In many an instance, the excess energy gained by the 
molecule may be transferred to other molecules by collision, resulting into kinetic 
energy. In effect, the energy of the photon is transformed into heat, the temperature 
of the absorbing system is raised. But the excited molecule may behave in other 
ways leading to chemical changes. Such behaviour may be more easily followed 
from potential energy curves. s i i 

The electronic transition, which occurs on absorption of energy, is accom- 
panied with changes in vibrational and rotational quantum levels and is governed 
by Franck-Condon principle (Sec. VIL16). Broadly speaking, there are four dis- 
tinct possibilities from the excitation of the molecules, as depicted in Fig. XVIL2. 


Fic. VII.2 Photochemical Primary Process (Pot. energy curves) 


i) When the molecule in the higher electronic level also assumes i 
Votos level as shown in curve (d), there shall be no direct tpe fie RE 
molecule. This will be revealed from the fine structure of the electronic band 
spectra of the molecule. The excess energy, in the usual course, may be dissipated 
as heat or may give rise to fluorescence etc. But the molecule may retain its en erg 
until it can be used chemically (a) by combination with another molecule 
(b) by transferring the energy to another molecule which in turn utilises the erba: 
to produce chemical change. For example : 

(a) NOCI + hy — NOCI* 
NOCI* + NOCI — 2NO + CI, 


e excited NOCI* reacts with a normal molecule of NOCI i £ 
res The quantum yield is 2. leading to a chemi- 
(b) UO$* + hy — UOS** 
UOs** + (COOH), — UO} + Co + CO, PHO 
cited UOł** ion actually passes the energy to an ae) 2 
ae decomposition. *asterisk indicates pid activated mele molecule, 
(ii) If the molecule raised to the higher electronic state Beguine 
level above the maximum stability level, the energy acquired is higher quantum 
binding energy coucerned ; the molecule in its first oscillation wil] ud an the 
ciation (curve b). The spectrum will show a continuum. The Product Sigo disso- 
tion may enter into a simple thermal chemical Process or these may o dissocia- 
reactions. Sometimes the energy taken up by a particular portion o uet chain 
molecule may be transferred to another bond in the same mol i ond in the 
dissociation. A few typical illustrations are given. ecule leading to 
(a) Decomposition of HI : 
HI +v — H +I 
H + HI > H, +1, prc 
Thus, for each photon absorbed, two HI molecules would 2 


: dec 
(b) H5—Cl, reaction : Cl, + hy —> 2C] ompose, 


H + CI 
and so m y Hc + Cl 
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A chain process would continue from the primary process of dissociation. The 
chain may terminate as Cl + Cl > Cl,. The quantum yield is high. 


(c) Photolysis of acetone : 


= 2 =O > CH,+ COCH, 
CH, 


The photon absorption primarily occurs at the T 
on transfer, leads to the cleav 
has been experimentally dem 


s O and Subsequently, 
age of C—C bond. The existence of the free radicals 


onstrated. The secondary processes follow mainly as, 
CH; + COCH, — C,H, + co ; CH;CO > CH, + CO 


show any minimum as in the curve (c). No sooner is ti 


HI + hv > H Pais 
This is followed by secondary processes, 


H+HI > H, +I ; 
I+II >I; 
The overall reaction is obtained by adding the three steps - 


and 


2HI + hy = H: + I, 
The rate of the net reaction should be 


—dCg 
di. Tavs AE FaCg.Cgy 


zd d 
Under steady-state condition, —H = 0, 


kes T 


3r Tavs— kCg. Cg =0 


Adding (a) and (5), IB XT 
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This means that two moles of HI would decompose per einstein of radiation 
absorbed. This is confirmed from experimental results. The mechanism proposed 


therefore is justified. — — ; 4 ay 
(ii) Hydrogen-bromine reaction. With radiations of wavelengths less than. 


5100 A, the banded spectrum of bromine disappears and a continuum isobtained 
Bromine molecules are therefore dissociated into atoms by absorption of such 
radiations. The mechanism of the photochemical reaction between hydrogen and 
bromine is represented as, 
rate constants 

Bra + hv — Br+ Br; Tans 
Br--H, — HBr-H; k 
H+Br, — HBr+Br; k, 
H+HBr — H,+Br; ka 
Br+ Br — Br; ks 


This is the same as proposed for the thermal process in Sec. XV.18. The rate of 
formation of HBr is given by 


dCwr L j Cg, Cy + Ks Ci Cae, —ki Cam: Cn (EN 
sf dC dC 
Under steady-state conditions, aE = (0 ae = 0. We have, 
dC... 0 = kiCinCic Ca Cnr, —KsCmie C) 
dt 2 Hs 2 2 Cy NT 
d dC; _ 9 = Dats —Ka Cura-Car + ks Cu-Cpr, + ky Cg. C, : 
an dt 2 a Cu. Cip. — k,CÀ, 
2 s C 
Adding (B) and (C), 2Lw = ksChr (C) 
2 [nts 
E S RR QD) 
Substitution of this in (B), and simplifying, 
i 
ke (=) GA 
(aei cm A dH LA 
kaCBr, d- ki Cun: NE Y (E) 
Again substituting (D) and (E) in (A) 
Zams)! 
Bb i c p Cid Ka Cue] ^ 8) 


It is the same rate as given in the thermal reaction by equation i : 
the factor (2 Tabs/ks) replaces keChr,- It is thus seen that both Sy Sib in which 
photochemical reactions, the primary process is the OP e us rmal án d in 
molecule. The dissociation occurs through kinetic energy in th of bromine 
and through. absorbed radiation in photochemical reaction. Th age reaction 
temperature 1s needed for the thermal process. at is why higher 
(iii) Hydrogen-chlorine reaction. A chain mechanism, as in iva 

reaction, has also been observed in the photochemical reaction B rogen-bromine 
chlorine reaction rate is profoundly influenced. by traces E * ut the hy Utoke 
especially oxygen. The reaction starts with the primary dissociati ipe. impurities, 
on absorption of radiations of wavelengths below 4800 À ie Cl, molecules 

© Ditterent schemes 
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/ - ; R : Of 
to explain the reaction-rate had been proposed by different investigators. 
tliese the most satisfactory mechanism had been proposed by Góhring (1921), 
which is expressed as follows : 


rate constants 


(1) Clh--hv —2Cl; 2I 
Q) Cl+H, + HCI 4-H ; ka 
GB) H+Ch —>HCI+ Cl; ks 
(4 H+0O, - HO;; ka 
(5) CI -O, + CIO,; k; 
(6) Cl+X  — CIX Ks ` 


*X" is a foreign body, may be the wall, which emoves chlorine atoms. In fact, 
the last three steps serve as chain-breakers or inhibitors. 


On the steady-state principle, the rate of formation of chlorine and hydrogen 
atoms may be written as, 


dC 

E = 2I—k;Cg,.Ca + kCa,. Cg —k;CaCo, —k.CaCx = 0 = +» (4) 

dC; 

a ten Ca E Cg — E = 0 TON CB) 
From (4, Ca = 2I Es Cn. Ca, 


kCn, Fk Co, Cx (i (©) 


and from (B), oa = fa Ca Cou MaLo, Cu D) 


Equating (C) and (D), 


k kC, QI--ksCo,. Cu) E (kCn, -Fk5Co, +k Cx) (Cp: Ca, +k,Co,.Cn) 


Neglecting ka.k5Cô,.Cy which is indeed very small we have, 
e = 2Ik, Cu, 
KakaCci,:Cx+ Co, ÜSK CR, FE CU. ekg] +- (E) 


This relation is much sim 


less (HER OT004 plified when the Impurity oxy 


€ms pressure. In such conditions, we h 
2I kC; 
Ca = -< TOH, 
H ksksCx.Cci, e. (F) 
The rate of over-all formation of HCl is mainl 
HCI+Cl. The step (2) is extremely slow. This t ci DL onthe step (3), H-LCL,- 


3 h * S IS ri y . 
activation energies. Hence, the rate of formation of HCL may om conside oa gana 
a 3 


gen is extremely small, say 
ave 


dc, 
A * ksCn.Ca, 
2L SC 
= ky, LeOn, | 
* TakoCg C Ln, O 


for Cx is supposed to remain constant. The relati 1 

from experimental results, with negligible conc, of RERO) i been corroborated 

pendent of chlorine concentration. * +e rate is thus inde- 
When small amounts of oxygen are present B 


have shown that generally eqn. (G) is followed by the in PAESE (1029) 
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. (iv) Decomposition of acetaldehyde. The decomposition of acetaldehyde 


on absorption of ultraviolet radiations (A<3000 A) is an example of a photo- 
chemical process where the molecule is first excited to a higher quantum level and 
then it breaks up into radicals which start chain reactions. The mechanism is 
given as, 


rate constants 


(1) CH,CHO + hv —> CH, + CHO I 
() CH, + CHCHO — CH, + CH,CO ke 
(3) CH CO — CH, + CO ks 
(4) 2CHs - CH, ka 
; . dCco 
The rate of formation of CO is, 777 = ksCcu,co sentita) 


Applying the steady-state principle to rates of formation of CH,CO and CH, 
radicals, we have 


$ Ccu,co = k2Ccu,-Ccu,cuo — ksCcu,co = 0 


ka 
or Ccm,co = y, Con,:Ccn,cHo Pa (E) 


And f Con, = I — k,Ccu,.Ccu,cgno + KCeu;co —kyCéu, = 0 


IM 
or Ccm, = (2) sera CC) 
Inserting (B) and (C) in (A), the rate of formation of CO is 


d I, 
dt Ccu, = ks (x) Ccu,cHo = KI Con cio 


is relation has appreciable support from experimental result. 
This relation mn. Chem. Soc. 64, 893, 1942.] RNS 


5. Photosensitized Reaction. Photosensitized reactions consti 
re of photochemical reactions. In these reactions, the ai ae indie 
to the light to, which they are exposed and as ‘Such these reactants do not teks 
part in the primary step of absorption of radiation and dissociation. Howev T 
when a suitable foreign matter is mixed with the reactants, the former will abs D 
the radiation and become excited. Subsequently, the excited foreign matter vil 
pass on the energy to the reactant molecules which will undergo dissociatio will 
chemical transformation. Processes of this nature are termed photose D or 
reactions and the foreign substance which absorbs and transfers the e nsitized 
radiation is called the photosensitizer. Mercury or cadmium vapours nergy of 
used as sensitizers. ] . are often 

To illustrate, when a mixture of H, and O, is exposed to radiations from a 


ercury lamp, A=2537 A, there is no change observed. Mz 
S dosionding to this wavelength is 112000 Mole ie Ey oL to radiation 
dissociate a hydrogen molecule is 103200 calories and an oxy a required to 
117200 calories. The energy from the given radiation is insufficient qnolecule is 
O,-molecule. But for hydrogen, this energy is Sufficient, yet th O dissociate 
will not dissociate as it is insensitive to this radiati en eH 


d on. issociatian 2 molecule 
tion of radiation, the wavelength must be in its ee dissociation by absorp- 


fi Orptio: i 
case of hydrogen, the continuous spectrum begins belo pon continuum, In the 


o 
of sufficient energy is not the only criterion for dissociation ore Es presence 
absorption is 
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governed by the selection rules. That is why H,-molecule will not dissociate with 


radiation A = 2537 A. Now if a small amount of mercury vapour is mixed with 
the reactants, the mercury atoms take up the radiation and become excited atoms. 
The excited mercury then transfers this energy (112000 cals) by collision to hydrogen 
dissociating it. In this dissociation about 103000 cals are used up, the residual 
amount of energy is utilised in increasing translational energy. By transfering this 
energy, the excited mercury atom is said to be quenched. 


Hg -+hy = Hg* 
Hg*--H, = 2H Hg 


The atomic hydrogen so produced will then carry on with the usual chain reactions 
to produce water. 


Amongst many other mercury-photosensitized Teactions, we may mention 
decomposition of ammonia, arsine, various alcohols, acids, etc. ; hydrogenation 
of ethylene, carbon monoxide, etc. ; J Loc 

That photochemical decomposition of oxalic acid is s 
has been mentioned earlier (Sec. XVIL3). Chlorine is a 
Synthesis of water, ozone, or in the reaction, 2CO + O, 
used has A = 4300A. 


The most outstanding example of photosensitization is the photosynthesis 
of carbohydrates in plants, in which the green colouring matter chlorophyll is the 


photosensitizer. Chlorophyll absorbs visible light in the region 6000—7000 A 
and this absorbed energy is then passed on to t 


s he reactants (CO, +4- H3O) to form 
the basic molecule of the carbohydrate as 


ensitized by UO,** ion 
£ood sensitizer for the 
— 2CO,, the radiations 


x CO, + x HO + zhv — (CH,0)z + x O, 


The exact process is a very complicated one and the true mechanism of. the reaction 
1$ not clear. It is however found that the energy corresponding to radiations absorb- 
ed is about 40 kcals where as the energy needed in the transformation of one mole 
of CO, is about 112 kcals. This means that several quanta are required for the 
transformation of each molecule of CO, and H,O taking part. 


J Ghosh and his co-workers studied the photochemical oxidation-reduction of, different systems 
using inorganic sols as photosensitizer. For example, using ultraviolet rays (366 and 333 


glucose was oxidised by iodine in presence of tungstic acid sol. It was established that the sol 
first absorbs the light which is then transferred to iodine causing the dissociation of the latter, 
The iodine atom Subsequently oxidises the sugar. The quantum efficiency was 1.8—0.74,* 

‘ A very interesting use of photosensitization is found in photography now-a-days, The 
silver halide emulsion used in photo-films are insensitive to longwave radiations, Some dyes are 
now added to the emulsion, which absorb longer wave radiations and transfer the 


- ult is even in the absence of visible light the emulsion woul 
change. The infra-red Photography is thus rendered possible thr 


XVII.6. Photochemical Equilibrium, 
sible process is greatly influenced if li 
ward process. Thus the absorption of light by the reactant in the 
vill NS he proa S he forward reaction, but will not influ 
reverse thermal reaction. Due to increased SOncertea 

of the reverse thermal process may į Tation of the p 
a balance between the rates of 


d undergo the 
‘ough the dye sensitizers, 


The chemical equilibrium of 


: u i a thermal rever- 
ght is absorbed either in the forward or back- 


forward process 
ence the rate of 


i 2A = A, 


*Ghosh et al. J. Ind. Chem. Soc. 581, 14, 1937. 


- - -— 


LL 


ee 


—" 


= 
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But the dimerization of anthracene in benzene solution can be carried out 
photochemically with ultraviolet light. The opposite change, the conversion of 
dimers into monomers is a thermal process. 

i 2A light 
— 
thermal Âs 

The anthracene in solution on being irradiated with ultraviolet light absorbs 
a quantum and becomes excited. The excited molecule (A*) forms a dimer by 
collision with a normal molecule. But the excited molecules may also re-emit 
the absorbed energy through fluorescence and be quenched. The different steps 
in the system are 


rates 


(D A+hvy — A* (excitation) Iabs 

(2) A*-+A -- As (dimerisation) kyCaeCa 
(3) A* -> A-+hy'  (flourescence) KsCae 
(4) A. — 2A (thermal) KsCa, 


Applying the steady-state principle, the concentration of A* should be constant, 
dCas 


i.e., rv ies 0 = Ig4;—k2Cae.Ca—kyCas 
pda ia e 
or Cas = iC, Hla 
3 . dCa 
The rate of formation of the dimer "dp T K2Cav.Ca—ksCa, 
- At the photostationary state, the conc. Ca, is constant, hence E =0 
Car = k3CAs.CA E A KksC A. labs 
1 Ks ksk,CA gk, 
Tabs 


SEU ae 
k [ 1 3 

3 5h k Ca | 

When the concentration of anthracene is a 


he ati ppreciable, there are reater ch 
of collision ; the re-emission of energy through fluorescence as in Sten (3) Tr 
small. So, with high concentration of anthracene (C4 being large), we have » 
Ca, = las[ks 


In other words, with a given radiation intensity, the concentratio i 

at the photostationary state is constant. It is independent of the Pei uin ed 
the monomer. But in a thermal equilibrium, C4, — KC, where Kis th on o 
brium constant. The difference between the normal equilibrium stat € equili- 
photostationary equilibrium is easily seen. If the so ate and the 


: / : urce of li ?" 
system will begin to change until the normal thermal Mio eee ha 


Other instances of photostationary equilibria hav i 
the decomposition of NO, or of ozone. 5 Aio been Studied such as 


XVI1I.7. Fluorescence and Phosphorescence. It i A 
is heated to high temperature, i frst becomes ped MoE ue RE ticed that if a metal 
is, the body is made to emit visible radiations through the en white hot’. That 
However, if such emission of radiations occurs from a body d application of heat. 
of agency other than heat, the emitted radiation is called L nico the application 
cence may be of different types such as fluorescence phos uminescence, Lumines- 
1. Resonance radiation. When an atom or molecule R orescence, etc. à 
to a higher electronic level. If the absorbed energy is al Sorbs light, it is excited 
back within a time interval of about 10-8 sec onde and pU Immediately emitted 
the same frequency, it is called ‘resonance ra distion” s € emitted radiation has 
with atoms absorbing light waves. A--hy > A* - A* E often are found 
> v 
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ence. But if the emitted radiation has a frequency less than that 
of d und radiation it is called ‘fluorescence’. The absorbed energy shall be 
released within 10-? seconds but it may come out in successive stages. 
A +hv > A*  A* + A' +h 
A’ > A +h 
i.e., radiations of different frequencies may be emitted. The emission in fluores- 
cence shall cease as soon as the light Source is removed. Various fluorescent 
substances are well-known. The minerals fluorite, petroleum 3 the organic dyes 
like eosin, fluorescein ; compounds like chlorophyll, ultramarine, riboflavin, etc. 
exhibit fluorescence either with visible light or ultraviolet irradiation. i 

3. Phosphorescence. Certain molecules after being excited by absorption of 
visible or ultraviolet radiation emit the radiations slowly and even long after the 
light source is removed. This is known as ‘phosphorescence’. Zinc sulphide, 
alkaline earth sulphides are good examples of such phosphorescent substances. 

4. Chemiluminescence. If at ordinary temperatures, light is emitted as a 
result of chemical reactions, the phenomenon is termed chemiluminescence. At 
ordinary temperatures, emission of light is not expected from substances. The 
emission occurs at the expense of some amount of heat of reaction. A portion of 
the heat of reaction activates some molecules of the system and the excited molecules 
then emit the energy as radiation. The glow of yellow phosphorus In air at room 
temperature producing ‘cold light’ is a common laboratory experience. During 
the auto-oxidation of some Grignard reagents, or alkaline solution of 5-amino- 
phthalic 


hydrazide etc. such chemiluminescence is observed. The glow of fireflies 
is due to the chemiluminescence of a protein (l 


uciferin) oxidation by oxygen in 
presence of an enzyme. The decay of wood and vegetation over marshy places is 
often accompanied with chemiluminescence. 


XVILS8. Radiation Chemis 
X-rays, y-ray: 
neutrons, , Photochemical processes, the 
Photons used have energies up to 150000 cals per ei 


y instein i.e., about 6.5 ev. But 
in high energy waves or particle beams, the energy will 
electron vol i 


> é of high frequencies such as 
s etc. or high-energy particles like protons, 


As already mentioned, the Secondary processes are quite compl e 
ions, excited molecules are also i E: alex. Apart from th 
molecules are often reached. One of th 


ules. We thus E cesses would be neutralise: 
i . us have, with hi i 
ae with high energy app 
A — A* 
A — At dic 


Atte — A* 
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The excited molecules A* may next undergo complicated secondary tans 
formations like ar 
A* — dissociation 
A* — transformation into new configurations 
A* — X* +Y +e etc. 
The irradiation of water, studied in some details, shows that the main trans- 
formations are 
H.O — H,O* + e 
H40* + H,O — H,O* + OH 
This may then follow different paths depending on the nature of ionising particle 
used : 


(with slow moving particles) (with fast moving B-particles) 
20H — H:O; or H,O +e — H 4- OH +e’ 
H+H > H, 


H + OH— H,O 
Investigations, with high energy radiations, on polymers had been of utmost 
importance in recent years. Polymeric substances on irradiation yield products 
with new properties and often with higher molecular weights. Polyethylenes, on 
irradiation, develop cross-links and produce materials of greater rigidity and 
higher melting point. There is unmistakable evidence of formation of free radi- 
cals on application of high energy radiations in such cases. 


References for further reading 


1. The photochemistry of gases—Noyes and Leighton 

2. Fluorescence.and phosphorescence—Pringsheim 

3. Photochemistry and mechanism of chemical reactions—Rollefson and Burton 
4. Radiation chemistry, J. Chem, Ed. 28, 404, (1951)—Burton 


Problems 
1. 5% of the energy of a 200-watt incandescent lamp emits visible light (A = 6000 A) hats 
many quanta of the light is emitted per second. Me DUM 
2. The bond dissociation energy of H-Br is 87 Kcals/mole. What is the kinetic energy of the 


H-atom produced by photodissociation of HBr with radiation of wave length 2537 A? (The 
Br atom is in ground state). (Ans : 25 Kcali/mólo) 


3. For the photodecomposition of hydrogen iodide, the mechanism suggested is 


Rate 
HI + hv > H+I1 T; 
H+HI > H,+1 ka 
HAG — HI+I ka 
I+II > |i 
Show that dCr, I 


Sn DI MT 
dt L- FK. Cr [Car 
4. 'The formation of phosgene follows the mechanism 
Rate 


Cl, + hv -— 2Cl Tabs Show that 


CI+ CO  — COCI 


coc! > CO4 CI Es dCcoci, 
COCI + Cl + COCh+Cl k, dt =k Con: Chp: 


COCI+ CI — CO+Ch  k, 


5. The photodecomposition of HI va i 
a pour was cari " 
Absorption of each calorie of energy gave 1:44 x 10-5 eed SU) witha 


= 2070 A radiation. 
yield? 


8m of hydrogen. What is the quantum 
(dns : 2) 


CHAPTER XVIII 


NUCLEAR CHEMISTRY | 


We have seen previously that three fundamental particles—protons, neutrons 
and electrons—constitute an atom. Of these the fir 


nuclear reactions ; many of these occur Spontaneously in nature while others 
are artificially effected in the laboratory. I t, Since the second world war, the 
study of the nuclear Teactions has developed into the new branch of “nuclear 
chemistry" with its own discipline. 


ent to make an acquaintance at first with the various kinds o 
particles that have b 


tions were uncharged but had high ionisin: 
Chadwick wh 
cles of mass equal to that 


4Be? + Ht — (Cl? + pt 
Where n1 refers to the uncharged particle. These particles were given the name 
“neutron”. We now know that this is an essential ni 
has a short life, its h. 


ial nuclear constituent, The neutron 
alf-life period is 12.8 min. It decays into a Proton and an 
electron, 


» [energy change, AE = 0.78 Mey. ] | 


: ethe utron production are now known, such as bombardment 
of light nuclei with deuterons, or from nuclear fission in atomic reactor, etc, 


il theory of electrons, predicted 
itron) with a mass equal to that 
ve charge. Dirac’s the i 


S VIZ, antipr. 


of an electron, but with a unit positi 
tions for the existence of other an 


*Nuclear physicists use different ty 


Des of p; 
betatron, linear accelerators, 


article accelerators such 


as cyclotron, synchotron, 
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inni icti A t with a storm of criticism from the 

ning, such predictions were me 1 

e Meta me e Their doubts were, however, set at rest by Anderson's 
dies of positron in 1932. Bombarding targets of boron, aluminium, etc. 
with a-rays, emission of positrons can be observed ; 


ISB -- iHe — SN + in ; JN — BC pet 


If a positron and an electron encounter, annihila 


tion of both occurs with the 
production of two y-ray photons ; 


et +e — hv + hy’ 


i is thus the antiparticle of the electron. 
eS p 1955, antiproton [mass equal to that 
negative charge] was discovered by Chamber E 
In late fiftees the existence of antineutrons was als 
from neutron in the sign of spin only. In viii it 
when a proton strikes an antiproton, there wou 


of a proton but with a unit 
Segre, Weigland and others. 
© proved. Antineutron differs 
has been demonstrated that 
e à neutron and an antineutron : 
PEP —n-rn- 
Each particle so far discovered has its antiparticle. Even 
electromagnetic radiation, has its x A 
experimentally indistinguishable. In other wor | 
In 1935, Yukawa suggested the existenc in order to 
explain the ‘short range attractive force between neutrons and pr 
the nucleus. This was in analogy with ph 
field associated with long range Coulombia tween charged 
particles. The electromagnetic interaction es takes place 
through the photons. Similarly, it was proposed that the nuclear particles would 
also interact through some sort of quanta’. From the mathematical analysis of 
the appropriate equations, Yukawa concluded that the Intermediates involved 
in the interaction of the nuclear particles could not be Photons but Particles 
unit charge posi- 
between those of 
originate in close 
he key-role in the Stability of the 
nucleus. Two years later in 1937, Anderson and Neddermeyer, confirmed experi- 
mentally the existence of meson type particles through cosmic Tay studies. These 


Sec. Later other meson particles 


his co-workers having half-life 
of the order of 10-8 sec, which decay into p.-mesons. 


photon, the unit of 
viz., antiphoton. But the two are 
5, photon is its own antiparticle, 


. The mesons 


a n that of a neutron have since been 
discovered. The present situation of the various sub 


In this table, Muon has been classified under light Particles fr " 
point of spin. The other medium weight particles have all spin wis eae 
Zero. 


à utron €cay. This particle, later 
ni, accounts for the discre ancies ineti Fe i 
of neutrino still further in th Qu inede hay Rees 


i i ne f 
naturally radioactive substances. complete &-decay theory o 
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XVIII.2. Natural Radioactivity. We have seen, in Chapter V, that the elements 
having atomic weight greater than that of lead are all radioactive. The nuclei of 
these heavy elements spontaneously disintegrate with emission of radiations. 
The rays emitted consist of three types of radiations, a, B. and y-rays. The pro- 
perties and behaviour of these rays have been described previously. The a-particles 
are realy doubly-charged helium nuclei containing two protons and two 
neutrons. The emission of a-particles naturally indicates that it is the nucleus 
of the radioactive atom which is involved in the radioactive disintegration. The 
ejection of B-particles, which are electrons, seems anomalous in view of the 
fact that the nucleus contains only protons and neutrons. That the electrons 
of the emitted -rays do not originate from the outer extranuclear shells of the 
atom is obvious. For, when valence electrons come out, the atom is ionised which 
promptly picks up other electrons to revert to the original atom. But when a 
radioactive atom emits a f-particle, the product is a new atom and it does not 
revert to the original atom ; the transformation is irreversible. The outcoming 
B-particle which leads to the change of an atom into another with a different 
atomic number cannot originate in the outer-shell. Although the B-particles do 
not pre-exist in the nucleus, these are created at the moment of their emission, 
due to the transformation of neutrons into protons through a complicated mecha- 
nism : 
n — p-4-e- 


When an a- or a f-particle is emitted, the nucleus undertakes y 
ment. Such a rearrangement within the nucleus may lead to a decrease in potential 
energy. The excess energy 1s then emitted in the form of Y-ràys which are electro- 
magnetic waves of very high frequency. y-rays therefore often accompany a-or 
- issions. 

j "n 1903, Rutherford and Soddy proposed that the nuclei of very heavy elements 
(having atomic numbers greater than 82) are unstable and these decompose spon- 
taneously emitting an a or a B particle. This leads to the formation of a new element 
with different physical or chemical properties. The product of radioactive disin- 
tegration may itself be radioactive and undergo further disintegration. Thus 
a genetic series of radioactive elements occur ; the process continues until a stable 
nucleus of lead or one of its isotopes is formed. We have seen (Chapter V), three 
such consecutive radioactive series, all ultimately ending in an isotope of lead. 
We shall presently come across another Sseries—Neptunium Series—which has been 
obtained from elements created through artificial transmutation, 

The radioactivity of an element is independent of temperature and physical 
condition and environment. It is also unaffected by chemical combination with 
other elements. The energy associated with radioactive disintegration is of the order 
of 10° calories per mole whereas in a chemical reaction it is of the order of 105 
cals per mole. 3 

The expulsion of a- or f-particles from the nucleus c 
nuclear charge and hence the atomic number changes. The different members of 
a radioactive series will have atomic numbers different. from their immediate re- 
decessor. Hence, these would occupy different positions in the periodic tabl 
which is summarised in “Group displacement law” of Fajans, Sod Hy and e à 
According to this, “When an atom loses an a-particle its atomic number dite ra i 
by two units ; the daughter element has an atomic weight less by four unit shes 
that of its mother and is shifted in the periodic table two places to the left than 
mother. Again, when the radioactive atom emits a B-particle the daught of its 
ment has the same atomic weight but its atomic number increases b ghter ele- 
its position is shifted in the periodic table by one place to the right of ut one unit ; 
The successive expulsion of an a-particle and two -particles bri S mother. 
element back to its original position in the periodic table with thé gs the original 
number but its atomic b pad units bos (see sec. V.10) € same atomic 

The rate of radioactive disintegration of an eleme RON $ : 
Proportional to the number of atoms (n) present ; i.e., nt at any instant of time is 


—dn[dt = X 
di e a <.. (XVIILI) 


anenergy rearrange- 


auses à change in the 
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where À is the rate constant or disintegration constant and is characteristic of the 
given element. The radioactive changes therefore follow the first order equation. 


In 1 
Integrating between t = 0 and ¢ = f, we have, A = qin Ss where mg is the 


number of radioactive atoms initially present. " 
In the exponential form, the relation would be, n = nye. The half-life 
of a radio element would be given by, 


1 itty) LAPP SOG ae 
=z In n EY constant see (XV) 


The time required for 50% decomposition is thus independent of the initial amount 
and is specific for a given element. The half-life may be as high as 10? years or it 
may be as small as 10-* sec. T 

Suppose a radioactive element (A) disintigrates to produce the daughter ele- 
ment (B), which s also radioactive. Suppose also A4 and Ag are the rate constants 
of disintegration of A and B. The rate of decay of each of these will be governed 
by eqn. XVIII.1. If ną be the number of atoms of A at any time, then the rate 
at which B is produced is mada. The rate at which B disintegrates is mpAg, where 
ng is the number of B atoms present. When the ‘steady state’, commonly called 


radioactive equilibrium, is attained, the rate of formation of B and its disintegration 
rate would be the same ; i.e., 


HAÀA = Npdag 


Hence nalng = Ap/Aa = taie e. (XVUL3) 
Allowing sufficient time, the equilibria in a radioactive series is given by, 


HAÀA = ngÀg = ncÀc = mnpàp =... 
The radioactivity of an element is expressed in units of ‘curie’ (c). A curie is 
defined as the quantity of the radioactive material in which 3.70 » 1019 disintegra- 
tions occur per second. The smaller unit is the ‘microcurie’ (uc) having 3.70 x 10! 


disintegrations per second. The number of atoms present i ie i 
Gree p in 1 curie is then 


) Problem. The half-life of **?Th is 1.4 x 101° 
is 7 years. What is the weight of ??5Ra in equilibriu: 
Let w be the wt. of **5Ra in equilibrium. 


years and that of its daughter element ??sRa 
m with 1 gm of ???Th? 


We know, "tn _ für) 


"Ra — lyRa) 
N,/232 _ 14x 100 3 
WONSO238 707 — 7 2X10* (Nu, Avogadro number) 


w = 228/(232x2x 10°) = 5x 10-10 gms 


or 


Problem. Natural potassium contains ‘°K in the proportion of 120 


sium content in sea water is given by 400 p.p.m. Calculat Saeed ela 


à s € the specifi ioactivi 
due to*°K per c.c., if half-life of °K is 1.2 x 10° years, Pecific radioactivity of sea water 
0.69 
The rate constant À — = 
i 


The number of “°K present in a curie, n = 34 zE 


The weight of °K in a curie, w = n x E (No, Avogadro number). 
0 


nx40  3.7x10% 37 x1019 x 40x t 
or Wo—mo——m————Xx402m— 5 0 
No AN, No x 0.693 


_ 3.710 x 40x 1.2 x 10° x 365 x 24 x 3600 
6.02 x 1078 x 0.693 = 1.35 x 105 gms 
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Radioactivity of °K per gm = IZIT = 7.4 x 10-* curie 

Again, 10 gms of sea-water contins 400 gms of potassium. 

Assuming density of sea-water as 1, we find n 

1 c.c. of sea water contains 4 x 107* gms of potassium. 

But potassium has **K content of 1.2 x 10-¢ : 

Hence amount of !?^K present per c.c. of sea water is (4x 1075) X(1.2x 10-)=4.8 x 10-8 gms. 
The radioactivity of the same = (4.8 x 1075) (7.4 x 10-9) curie 


= 3.55x10-? curie = 3.55 X 107? uc. per c.c. 


XVIIL3. Artificial Transmutation of Elements. The process of natural splitting of 
heavy nuclides accompanied by emission of radiations urged the scientists to 
find ways for the artificial disintegration of the naturally stable elements. The 
first act of disintegration of the stable element, nitrogen, by a-particle bombard- 
ment is generally attributed to Rutherford (1919), although some doubts have 
been cast on Rutherford’s original claims. It was however definitely established 
that when nitrogen is struck with a-particles, a nuclear reaction takes place produc- 
ing oxygen and simultaneously ejecting a proton ; 


14 4 17 1 
„N + He > 40 +,H 
9, 4 12 E 
Similarly, «Be + ,He > 4C + y 
(As usual, symbols are proton 1H, neutron?7 ; a-particle ‘He, etc.) 


Bombardment of target nucleus with projectiles may be divided into three 
€ les : " , ^ 

VERAT “Elastic Scattering in which the identity of the particles as well as their 
combined kinetic energy remain unaltered before and after the collision. 

(ii) Inelastic scattering where the outgoing particles are the same as the inci- 
dent ones but there would be some loss of their energy. : 

(iii) Nuclear transformations, the outgoing particles are different from the 
incident ones. It is with this type of changes we are interested here. 

It was suggested by Bóhr in 1936 that the nuclear reactions would involve 
two-stage processes. A compound nucleus comprising the projectile and the target 
nucleus is first formed. This has a life-time too short to be measured (~ 10-17 sec) 
but long enough compared to the time of transit of the projectile across the largest 
nucleus (~ 10-1 sec). The compound nucleus subsequently splits down to new 
products in ways which are energetically feasible. The atomic number of the 
‘compound nucleus must be the sum of the atomic numbers of the target nucleus 
and the projectile. The compound nucleus would therefore represent an isotope 
of the element which has the “added” value as atomic number. The transmutation 
of nitrogen, mentioned earlier may now be expressed as : 

14 4 18 17 1 
vitet (oF) > + H+Q 
he compound nucleus is that of a flourine isotope having atom} 
The nass number of the compound nucleus is the sum of Re lat 
initial particles, and also the sum of the mass numbers of the final pro deere D 


Ses would not remai 
; nt from mas: n 
total atomic mass of the products is less than 5 numbers When the 


that of the initial participants, an 
= e. The value of O^ ill 

be negative i.e., energy will be absorbed when the t € Q wil 
tants. The value of ox mass of the products is 


save tia he combuted ax felle qr d in the transmutation cited 
Initial participants 
MN = 14.00755 das 5 
‘He = 4.00388 xO = 17.00453 
18.01143 O E 


18.01268 
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Am - 0.00125 amu — 0.00125 x 931.2 — 1.16 Mev. 
(1 amu — 931.2 Mev) ; since there is an increase in mass, Q — —1.16 Mev. 
This corresponds satisfactorily to experimental measurements of kinetic energies. 


For brevity, the nature of nuclear reactions is indicated by writing the oo 
and the ejected particle within a paranthesis, thus, in the example cited a B We 
the projectile is an a-particle and the emitted particle is a proton, hence this 
(a, p) type reaction. We may mention here some other (a, p) reactions, as, 


Mev 
3B + He > (CN) —C 44H; Q — 444 
AF + .Heo (zNa ) > uNe + iH; Q = +158 
SA 2He — (s? ) + USi + 4H; Q = + 226 
K+ iHe + (55e ene Cat MES Q = — 0.89 


There are various other artificial transmutations carried out in which missiles 
other than a-particles are used, such as (i) neutrons (ii) protons (iii) deuterons 
(iV) y-rays. In these nuclear reactions (excluding fission type reactions), when 
bombardment energy is in the range 0—10 Mev, y-Tays, protons, neutrons and 
a-particles may be ejected. At higher bombardment energies, 10—25 Mev, two 
neutrons or sometimes a proton and a neutron together are ejected. Very high- 
energy projectiles (100—400 Mey) cause spallation, i.e., an event in Which many 
nucleons and groups are simultaneously given out. 

As would be expected neutrons provide the most effective means of disinte- 
grating a stable nucleus. The a-particles because of their charge-content are not 
as efficient as others. Deuterons, in some cases, act as very efficient projectiles for 
transmutations. The (d, p) type transmutations are b 


nsm r à elieved to proceed by 
Stripping mechanism and do not require the formation of the 
pound nucleus postulated by 


ound : J Bohr. Examples of different types 
with different missiles are given below. Some of the (a, n) type 


intermediate com- 
of nuclear reactions 
reactions are : 


Soap bg ai 10 1 
aLi + ,He > ( :8) nus on: 
1 4 15 14 1 
B tHe > ( N) > NE 
14 4 18 17 

;N +,He — ( F) —> oF + E etc. 


Nuclear reactions effected with ne 


t Í utron bombardment fant 
of different particles, as illustrated below : ST eat oecon 

n 5 Type 

27 24 4 

wil cn — Na + He (n, a) 

56. 1 56 

«Fe + yn > aMn + iH (n, p) 

39 1 38 1 

wK + 0 >,,K + 2n (n, 2n) 

23 1 24 

uNa + oo > Na + y (n, y) 
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Examples of disintegration by protons are : 


sLi +H — ZHe (p.a) 

13 1 13. 

Fgh NY (p,y) etc. 

Some reactions induced by accelerated deuterons are : 

27 2 Li ERA 

Ab QD = Si + in (d,n) 

2 2 3 1 

ıD T ;,D s ,H T ;H (d,p) 

9 2 10 1 = 

„Be +,D — ,Be+,H (d.p) 
128 2 129 1 

mie-t yD! rore ;H (d,p) 


The last two reactions are believed to proceed by stripping mechanism, i.e.,the 
projectile deuteron, while approaching the target nucleus, is stripped of a proton 
due to intense repulsion and the residual neutron finds easy access into the target 
nucleus. 

Stable nuclei have also been disintegrated using high energy y-ray photons 
(or X-ray photons of high energy). This is indeed a case of photodisintegration. 
The emitted particles may be neutron, proton, a-particles etc. A very interesting 
example is ?H --Atv — iH + ¿n (y, n) type. Since the masses of proton and deu- 
teron are accurately known from mass spectrograph data, this reaction provides 
an accurate method of determination of nzutron mass, 1.008987. 


Other examples are : 


2". $: 
‘Be + hv — Li +,H (y.p) type 
12 8 4 
C + hv — ,Be+ He (y,a) type, etc. 


Problem. Calculate the Q value for the formation of ?!P in the ground state in the reactio: 
305i (d, n) “P. Given tb 
(a) "Si--d— asi + P + 4.367 Mev 
(D) "Si — — "P -+ B- + 1.51 Mev 
(c) n —> p+ B-- 0.782 Mev. 
The reaction proposed is *°Si + d + “P + n + Q. 
Adding (a) and (6) subtracting (c), we have 
Si + d > "P + n + (4.367 + 1.51 — 0.782) Mev. 
Hence Q = 5.095 Mev. 


Problem. The Q value of ?Li (d, n) Be reaction is 3.40 M. i ‘ 
24 > ev. Determine the atomic mass of 


Ry, 6x, 2 1 1 
The reaction is Li + ,H > „Be + gt 


Let the atomic mass of "Be be x, then accepting standard values of 


Initial particles Final Particles other atomic masses, 
Li = 6.01697 *Be-E- 
2H = 2.01474 


j 5 n = 1.00899 
-. Loss in mass Am = (6.01697 + 2.01474 — 1.00899 — x) = (7.02272 ) 
. EU D —X 


af Q = (7.02272—x) x 9312 Mev. 
Le. 3.40 (7.02272 —x) x 931.2 
whence x 7.01907 


yog 


XVIIL4. Artificial Radioactivity. Th ifici: i 
PURGE vele deci * E production of elements possessing 


* experiments of Frederik Joliot and 
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i i i i -impi t on metallic alumi- 

t-Curie while studying the effect of a impingemen 3 

du iU artificial disintegration of aluminium by a-particles leads to the pro 
duction of silicon accompanied by proton emission. 


27 4 30 .. 1 
wAl + He — Si + \H 


It was found by the Joliot couple that in addition to proton emission, this disinte- 
gration is also accompanied with neutron and Positron emission and that while 
proton and neutron emission ceased as soon as a-irradiation was stopped, the 
positrons continued to be emitted. An immediate explanation for the phenomenon 
was offered. The artificial disintegration of aluminium by a-particles proceeds 
in two ways, one of which follows the pattern shown above. In another way, 
a-bombardment first produces an unstable isotope of p 


of phosphorus with the ejection 
of a neutron. This unstable phosphorus nucleus is radioactive and decays into 


; 0 
silicon with the emission of a positron, ( ie. 


wAl --;He — BP + in 
i 
usi + jet 
This was the first instance of the discovery of induced radioactivity where a stable 
non-radioactive nucleus after trans 


mutation was rendered radioactive. This was 
soon followed by a spate of discoveries of other artificially produced radioactive 
Isotopes such as, 


24 4 27 |. 1 
Mg + He 5 Si* + wn "B + ‘He => IN* ar in 
Y Y 
27 0 12 0 
y, Al + ier oC aP ie 
The artificial radioactive elements behave in the same fashion as the naturally 
radioactive ones. The decay of these elements follows the same first 
each of these crea’ 


i ; order law and 
ted radioactive elements has its own half-life period. 
The examples cited ad 


al 24 4 
(a) MY + oft > nNa* + He 


i $ { 
24 
Mg + ,e7 uP + $e 


127 1 128 128 3 0 
* = 
(c) gal + > ggl* — sXe + Je 
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There is, however, an additional class of neutron irradiation in which the radio- 
active isotopes result from (m, 29) process and the radioactive species may be 
positron or electron emitters. 


39 


85 1 84 1 1 38 1 
* ot 3 * 
kb + gt = ,RU* + 24 1K Hon —> yoK* + 2.97 
8A 0 ku 38 0 
gone E u^ + yet 


Artificially accelerated particles like protons, deuterons can bring about 
disintegration of nuclei in which the initial products are radioactive. The disinte- 
grations involving (d, a), (d, p) and (d, n) generally lead to radioactive species 
which are either positron or electron emitters. 


To illustrate : (i) Carbon bombarded by deuterons follows two paths : 


(i) Lithium (7Li) bombarded by deuteron also follows two paths : 


7 2 (Be) $2 ;He LX 
shi D d 
9 LE 1 
(iBe) — ,Li* —H 
t 


8. 0 
aBe + ,e* 


Irradiation with y-rays may also lead to the production of artificial " 
active atoms, for example, when bromine is bombarded with y-rays IDA 
changes occur : ng 


s Br LA > [ s&r* | = s Br m n 
i 


80 ù 
as KT + e7 


It is now well-known that many of the nuclei b 
remain in an excited state or metastable state. The RS d by transmutation 
with the excess energy and passes to the ground state bee € species then parts 
y-rays. The nucleus in the metastable and in the ground Ste bac Be one or more 
mass number and charge but the energy content is different i nas the same atomic 
are called nuclear isomers. After the emission of y-r in the two states. These 
radioactive disintegration and is transformed into z aY, the nucleus suffers the 


new one. A very i ^ 
i i i : $ Inte: 
example is found in bromine. After irradiation, sas es iung 
3 


Br is formed i : : 

" 5 med in 

state and it has a half-life of 4.4 hrs. Two y-Tays are emitted Ws NEA 
m it in cascade 
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when the nucleus passes into the ground state. Its half-life is then found to be 


18 min. ss Bt then exhibits induced activity by emitting a f-particle. 


SBT 4.4 hrs 
m | 0.049 Mev 
5 Br Ys 0.037 Mev 


| 
i 
N 
sek ae 


Some irradiation mechanisms are explained by what is known as K-capture. 
In such cases, the nucleus formed by transmutation Picks up an electron to revert 
-back to an isotope of the original pacent atom. The electron is taken up by the 
nucleus usually from the nearest K-shell ; a proton thus becomes a neutron, 
atomic number decreasing by unity. The filling of the vacancy in the K-shell 


t H 49 H H 49 H H 
leads to emission of X-rays. The case of „V passing into »Ti by capturing a 
K-electron is a well-known example. 


9 


48 — 2 50 4 1 
ali +D > ( 23V = 23V + ot 
0 
| + 1&7 (K-electron) 


49. 
aTi + (Katri radiations) 


XVII.5. Nuclear Fission. Apart from the nuclear transformations i 
ee +2 SS10N. Apar l : 
RM mig in artificial disintegration, there are two other types of e 
reactions of profound theoretical and practical significance. Th i 
fission ad i) Nuclear fusion. i IM e 
uclear fission. In 1 i i i i 
pouce In 1934, Fermi and his collaborators Were engaged in studying 
transmutation, some tra. 
higher than 92 (Sec XVIII). 


Strassmann, from a very c 
of the same, established that 


" 1 236 141 92 
SU Eno (S0) > "Ba + Skr 43 ty Le -0 


smsERREGERrCr.LTLPLÉTIÍÍÍÍI m t€ 


XVIII.4] NUCLEAR CHEMISTRY 729 


Careful experimental observations have brought out a number of facts which, 


shorn of details, may be summarised below. 

(a) In the process of nuclear fission a large amount of energy is released which 
is considerably greater than that evolved in any other process. The number of 
nucleons before and after the process remains the same, but the sum of the mass 
of the fragments and released neutrons is less than the mass of the disintegrating 
U-atom and the projectile neutron. An approximate calculation, with Einstein’s 
equation c—mc?, in the above process shows that there would be a mass defect of 
about 0.215 amu which is equivalent to about 200 Mev. This indeed is a very large 
quantity of energy. It became immediately evident that such fission would be a 
source of enormous power. . : 

(D) Fission of each uranium nucleus is accompanied by release of 2~3 neutrons. 
These neutrons, under suitable conditions, bombard fresh uranium atoms splitting 
them and producing more neutrons. Thus a chain reaction of splitting would 
ensue and its propagation would rapidly increase. At each step considerable 
energy would be released. This may be broadly represented as Fig. XVIIL I. 


Fic. XVIII.1 Schematic representation of chain reaction in fission. (1, n’ 
stars (X) indicate fission products. ee 


+. Neutrons), 


(c) 5U undergoes fission both by fast as well as slo 

latter are more effective in carrying out the rupture. The PUn though the 
in general, absorbs slow neutrons but instead of undergoin fis vun uev 
transuranic elements (Np and Pu) as follows. 8 üssion, it yields 


m 1 239 239 Fi 

wee =C 2U ) RND Rie (ft = 23 min) 

239 239 0 

wNp — sPu-F,e- (h = 2.3 days) (D 
That is, with slow neutron bombardment, 2383y is fi 

element (Z = 93) called neptunium. This is radioactive rst transformed into the 

tegrates into the next element plutonium (Z = 94) wit} and spontaneously disin- 
. With fast neutrons, ?*U suffers nuclear Cen Raray emission. 

fission of **U, the fragments produced are Unsyuidi n e r i ue 

> Le, the produc 
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i differ i ers by a large margin. The fission of ?33U is more symme- 
mgd E RM 20, ds elements formed as fragments belong to two 
kom Ds, one having mass numbers near 140 and the other near about 95. , 

m (a) Plutonium formed from uranium by B-emissions (see II above) is fissionable 
like *°U. It has comparatively a long half-life period and can thus be stored in 
quantities. The isotope ??5U occurs in low amounts in uranium minerals [?38U/ 
230 — 140], and its separation from the abundant Isotope **?U is rather hard. 
Plutonium has thus proved to be the chief Source of atomic energy both for peace- 
ful uses as well as for destructive purposes including the nuclear bomb. 


(e) The isotope UT obtained from thorium by slow neutron irradiation 


also suffers nuclear fission like p 


lutonium yielding considerable amounts of energy. 
The stages in its formation are : 


1 233 233 0 
aTh Tos o L aPa + e 


233 0 
sU + e SEL 

-6. Atomic Bomb. On bombarding *5U with Deutrons, for every single 
SLE E Mr 200 Mev energy is released. The Process yields moreover 
3 new neutrons on an average, each in its turn leads to the fission of fresh 295U, 
At every stage, in this way, the energy output will multiply and the cumulative 
effect ot even one initial fission would be enormous. The chain would continue 
if the piece of ?5U taken is large enough and the secondary neutrons produced 
find targets. If the piece of U is small, the neutrons produced will escape and 
the chains will break up. There is thus a limiting or critica] Size of the target for 
intense production of energy by chain propagation. If the size is below the critical 
limit, there will be no explosion and the process is safe. A larger piece from which 
the secondary neutrons cannot escape will cause the explosion. 

It has been estimated that on the capture of a neutron by a fissile *35U, the 
Secondary neutrons are expelled in about 10-4 sec, And the average time required 
for the capture of a secondary neutron by the target nuclei is about 10-8 sec, We 
can now attempt an approximate calculation. 


Suppose we have 1 Kg of pure 2% 
1 neutron starts the initial fission of one ? 
3 neutrons on an average, though i 


Y the chain propagates 
to x steps, then the total number of fission occurring, due to one initial fi 
XVIIL1). We know, 


23 
number of #86) present per Kg = ESAE 2000 7 25 x 1023, 
If all the atoms suffer fission, then 3x — 25 X 1023, whence x e 51. And 


period of 51 x 10- sec ; i.e., approximately a millionth of a Second, hence 


this would happen in a 
The energy released per fission — 200 Mev. 


the explosion, 
= 200 x 1.6 x 10-6 ergs 


= 32 x 10- ergs, 
That is, the total output of energy from 1 Kg of 25 


U is 
8.2 x 1020 8.2.x 1020 
25x 3.2x 10-4 ergs = — = Walt sec mapas ets hn) ty = 

25x10?! x 10? 107x 1000x60x60 ^ 22x107 KWh. 

This energy appears within 10-9 sec as heat in the uranium from which the 
fission products cannot escape. It produces a tremendous explosion resulting into 
a violent blast and an intense temperature of 107°K, associated With dangerous 
radioactivity. It is necessary that 285U should be pure. The presence of °38U or 
other materials will absorb the neutrons and break the chain. 

In fact, in the actual operation two rods of 235 


XE “SU, each below the critical size, 
are taken and at the desired moment the two pieces are brought together to exceed 


——— ———— 
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ui ; ion. Though earlier tests were made, the first 

ehe ennea nU oed Oe speed released on Hiroshima at 8.11 A.M. on 

nee 945 1 om an altitude of 31600 feet. The bomb had two blocks of ?35U 

e pedi “ two ends of a barrel. The two sections were brought together at 

d Wes ed to exceed the critical size. The effects are known to every human 
h 


being now. 


or Atomic Piles. The longer the chain propagation in 
A. scien tige p will be the explosive power of an atom bomb. But 
PASA P the energy, though vast, cannot be used for any peaceful purpose. 
lesa se lication of the fission energy rests on the proper control of the 
Theron V xis chain. This is achieved with what is commonly called an 
DIOE OE uclear reactor. The reactor is indeed an arrangement of nuclear 
atomic pile TP Yo together with other materials which act as moderators, 
eni e ce control of the self-sustaining chain reaction. In such a controlled 
to enable nsec the explosive tendencies are avoided, but the ractors function 
fission not De y slow ‘or fast neutrons, (ii) in producing radioactive nuclides, e.g., 
D ad fai) in liberating heat energy that could be used to drive turbo-generators 

2 . 

fon ee US big ote in a fission process, the minimum requirement 
e Neon leus undergoing fission must produce, on the average, at least one 
EU Tec nother fission. The number of neutrons resulting from a single 
neutron to e eot : the reproduction factor. If this number be less than unity, chain 
pron is known Dssiblé When the factor is greater than unity, the chain reaction 
de S nor uem the reactor the atomic fuels and moderator are so arranged 
me R factor is carefully controlled to a value equal to unity or 
that the ud than unity. Several types of reactor are now in use. The first 
E Sally succeessful reactor built at Calder Hall in 1956 may be mentioned. 
therincipte followed is shown in Fig. XVIIL2. 


§ tor (schematic); n, thermal neutrons 
ite moderated reac 
Teos Mgs puts products, ng, neutron captured by ?:sp, n’, p 
No, neutron escaped. X, 
for further fission. : 


O, fast neutrons, 
eutrons available 


ds of natural uranium containin 

T reactor, long recs hi 
; zn hi type E Er ju re graphite. The fast pers which an 
fission as J E down and thermalised* by Md dg graphi 
The faction of the moderator is not to absorb them but to reduc 


g both 2U and ssspy are 
€ produced from the initial 
te which acts as moderator, 
€ their kinetic energy, The 


is about 1.2 Mev, whereas for a thermal neutron energy is 
"For f; n, energy value s #00 : gy 
below jh aoe fatten are in thermal eqm with matter through which they pass, 
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moderator should therefore be present in sufficient quantity and properly distributed between 
the uranium rods so that all neutrons may be thermalised. These thermal reutrons will then be 
used for causing fission of more ***U and some will be captured by ?°8U to produce nuclides. 
The moderators chosen are substances containing atoms of low atomic weight e.g., H, He, Li, Be, 
and carbon. Considering other factors, carbon has been found to be quite suitable as moderator. 
Deuteron in the form of heavy water is also used as moderator in some type of reactors. 

The total uranium taken must exceed the critical 
proceed. But the same is controlled by insertin: 
substances like cadmium or boron- 


DS a ees nue ‘He Am 
2x 1.00814 2x 1.00898 4.00388 — 0.03424 amu g 28 Mev 
21H. + {He 


2x 2,01471 4.00388 0.02554 amu we 24 Mev 
That means 
Teal 


difficulty in effecting such a fusion a 
the positive i 


8 2 

HE uH. — He I4 17 Mey 
3 1 4 

1H +H — He + 20 Mev 


3 3 3 
iH +,H — He tiu + H Mev ete, 


um fission bomb to act as 
© material, which in turn i$ 


roduced in fusion leads to the 
Process it 


—— — in ns 
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XVII.9. Stellar Energy. The explanation of how the stars continuously emit such 
enormous amounts of energy for millions and millions of years is now availble 
from our knowledge of nuclear reaction processes. The temperatures of the 
interior of the stars are exceedingly high. Our sun’s interior has a temperature of 
the order of 107°K. There are stars having much higher temperature (T~ 108°K). 
Such high tempratures were originally attained during their formation by contrac- 
tion from gaseous nebulae. At such high temperatures, the atoms are completely 
stripped of their electrons and the bare nuclei must have very high thermal energies. 
There is hardly any doubt that fusion rcactions, overcoming the repulsive forces 
must be occurring at a high rate which is responsible for such colossal output of 
ergy. 

i A 1938, Bethe and Weizsacker independently proposed that the real process 
of fusion was the formation of a *He nucleus from four protons, 1H, the latter 
being present in abundance in stellar bodies. It is a cyclic process carried through 
the intermediary !*C and “N nuclei, in the following way : 


"c T 'u = AN + hv +Q’ 

NO > GC + yet + gy (neutrino) 
"o 4H + IN + hy +Q” 

‘N + IH > 0 +4 +Q"" 

S —ÀNG Qe Ho” 


15 1 12 4 
SN +,H — QC + He 


aH > He 2e +27 +19 +Q" +Q] 


i.e., four protons fused to yield a He-nucleus. Bethe showed that ene: i 

in each cycle is about 28 Mev. It is now believed that in very hot ace M 
represents the energy emisston. But in stars having somewhat lower temperate 
such as our sun, an alternative mechanism seems to be more appropriate. This 
is a proton-proton cyclic process : . This 


1 1 2 0 

iH HiH > H+ jet 4 Qi 

2 1 3 

tH + iH — jHe + Av 4- Q, 

3 3 4 1 

gHe + ,He — „He + 2,H TQ, 


This indeed is a synthesis of helium nucleus fro i 
energy output is about 25 Mev. m fusion of four protons, the 


XVIHI10. The Transuranic Series. The possibili P 
atomic numbers greater than that of eNi ay eL synthesising elements with 
coveries in the thirtees of this century spurred the aea os and three. diss 
syntheses. The first was the discovery of artificial radioa ug to the job of their 
Anderson's discovery of neutron, a convenient projectile f; Clivity, the second was 
and the third the cyclotron or particle accelerator d or nuclear bombardment 
details of the discoveries of the transuranic elements, th evised by Lawrence. The 
their physical and chemical identification, Sach, b e modes of their separation, 
ingenuity and diligence, will be-omitted here. Instea d on d testimony te hunda 

2 jel resume Covering 
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the salient aspects of their formation will be presented. Researches spanning over 
21 years (1940-61) heralded the birth of eleven new elements with atomic numbers 
93 to 103, all beyond Uranium. These are, 


TRANSURANIC ELEMENTS 


Name At. no. 


atomic mass Name At.no. | atomic mass 
number number 
Neptunium (Np) 93 231—241 | Einsteinium (Es) 99 | 246—256 
Plutonium (Pu) 94 232—243 | Fermium (Fm) 100 250—256 
Americium (Am) 95 237—244 | Mendelevium (Md) 101 256* ~ 
Curium (Cm) 96 238—245 | Nobelium (No) 102 251* ~ 
Berkelium (Bk) 97 243—245 Lawrencium (Lc) 103 * 
Californium (Cf) 98 244—246 
ee 


(*range not definitely established) 


i ons, o es, carbon or boron nuclei accelerated 
on or a hilac (heavy ion linear accelerator), 


ained by a-bombard- 

isotope gel m and americium by the B-decay of neutron irradiated plutonium 
239 4 241 1 

saPu + He > s,Cm + 2,5 (a, 2n) 

241 241 i 


: " keliu 
In 1950, Thompson, Ghiors Sr*elium and californium 
£6 produce berkein , orso and Seaborg bombarded americium with a-particles 
241 4 24: 
osAm + He —. oBk + 2 on (espn 


Continued neutron irradiation of americium gave on 


i is mi ; -decay mi iu 
of curium. This minute quantity formed the target of intense Ue 
led to the formation or californium, At the time of its first discovery less than 
5000 atoms could be obtained but even this meagre amount sufficed for i Great. 
zaz 4 244 
sCm + ,He — Cf +2 on (ion 
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Also by bombarding uranium with carbon nuclei (charge + 6e), Seaborg and his 
colleagues (1951) obtained two isotopes of californium. 


238 12 244 1 
aU + 4C — g&Cf + 6 gn 
238 12 246 1 
oU + 4C — osCf + 4 on 


Elements einsteinium and fermium were detected in minute traces during an 
analysis of the rocks and radioactive fallouts in an island in the Pacific over which 
an experimental thermonuclear explosion had been carried out in 1952. It is said 
that the first detection of fermium was made with only 200 atoms of the species. 
Since then as in the case of other transuranic species, relatively more stable isotopes 
of these two have been secured by intense neutron bombardment of the preceeding 
members. Successive neutron captures (and B-decay) in nuclear reactors led to the 
formation of the succeeding members. 

Bombardment of uranium with nitrogen and oxygen nuclei gave einsteinium 
and fermium respectively 


238 14 247 1 
aU + N — ggEs + 5 gn 
238 16 250 1 
aU + gO —,99Fm + 4 on 


The creation and the subsequent identification of Mendelevium 
were most difficult. An invisible film of einsteinium electroplated on a gold foil 
was bombarded with a-particles accelerated in a cyclotron. Mendelevium atoms 
which were formed, bounced off and collected on a second gold foil for identifica 
tion and test. The element Md so produced has a half-life of about 60 min and 
decays by orbital electron capture to fermiuin which undergoes immediate fission 
It was the fission impulse on the recorder which indicated the death of the mede- 
levium atoms. In this device, the probability of formation of mendelevium was so 
low that a single experiment resulted just in the formation of 1 atom of Md on the 
average. In the original experiments, arrangements were made to herald the news 
of birth [rather the death which followed immediately on its decay to fermium] 
of each Md atom by an automatic simultaneous peal of a bell. 


atoms (101) 


253 4 256 1 
osES + He — yoi.Md + on 


— 256 
B- 109 Fm. 


f 2 : t of controvers i 
its first discovery. Its creation was claimed in 1957 by a ju und regarding 
ing bombardment of curium-244 target by diibón n s edih laboratory follow- 

i ; ; : uced the ele i 
the same technique with a different isotope of curi ment following 
E Pe of curium (*5Cm) bombarded by ?C 

246 12 254 A 
s Cm + 4C —,94No + 4 qn 
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valent compounds. Uranium, ne 
oxidation state (IV) and (VI). 


Indeed there is a close parallelism between the lanthanides and these elements, 
which are now called “Actinides.” Both the lanthanides and actinides, have MX; 
type trihalides ; the crystal Structures of the trihalides in b 
same. The MX, compounds are all isomorphous with on 
properties of some similar compounds in th 
lanthanide contraction, i.e., the decrease in s. 
number of the rare-earth elements, is also 1 
illustrate the repetition of lanthanides in the transuranic domain of the periodic 
table. The synthesis of element (104) and the identification of its characters with 
those of hafnium would some day establish the truth. 


active and quite unstable. That is Why these were not met with in nature. In 1932 
neutron was discovered and about that time the different miss; i 


95 2 97 96 1 
ij Mo + ,H > (Te) > asTe + on 


Various other nuclear reactions were used to obtain different isotopes 
of testam, all of which were found to be radioactive. E 
ement with atomic no 61 was originally called illinium This 
A r . element was 
also synthesised by bombardment on neodymium nuclei with a-particles, The 
Teaction is an (a, p) one 2 j ' 


143. 4 146 1. 
«Nd + ,He— Pm + 
This element (Z — 61) has been given the new name of pr i This'is 
also Cone Several isotopes are known. ect tm) This is 
orson, Mackenzie and Segré bombarded bismuth with a-parti 
element Z = 85, now called astatine (At) was produced. This is an (a, 2) be 
209. | 
s5Bl + ‘He EEN +2 wn 
The astatine obtained is tadioactive with a half-life of 7,5 i 
isotope of bismuth through a-emission, vn yields another 


211 207. , 4 
aj At > Bl + „He 


Astatine also undergoes another change through electron ca tu 1 

: P aps A age th zh ele x 
actinium C’, which is a member in the actinium radioactive serves Th pioaucing 
ously disintegrates into lead. 


211 0 211 
got Tae mAcQ, => 


207. 
saPb als ‘He 
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Though astatine exhibits some metallic character, it is a homologue of iodine 
and have many similarities with the latter. 

Element (Z = 87) is Francium (Fr). Mile. M. Perey (1939) discovered this 
element as one of the products of disintegration in the actinium radioactive series 
and called it actinium K, which broke down to AcX by 8-decay. 

227 


2 
mAc —» "Ack + He 


| 
Y 


223 0 
Bu A OUS ee 


Later on, different nuclear reactions effected artificially also led to the formation 
of one or other isotope of francium ; e.g., 


226. * 222 218 * 214 * 2910 2 
«Pa — goAc —> sFr —> At — RAE — U-series. 


The chemical characteristics of francium appear to be similar to those of the alkali- 
metals of Gr.I, which is expected from its position in the Table. 


XVIIL13. The Neptunium Radioactive Series. The three naturally occurrin io- 
active series described previously (Chapter V) were long know These A eim 
uranium, thorium and actinouranium. It was soon observed that all the members 
of any one of such a series have atomic mass numbers which can be represented by 
a simple formula. For example, in the thorium series, the mass number of every 
element may be expressed as 4n, where nis an integer. For the thorium series, the 
starting element thorium has a 7 = 58 i.e., mass number = 232, and the series ends 
in lead, n = 52, i.e., mass number, 208. So this series is called 4n-series. The 
uranium series is called (4n-+-2)—series, every member has a mass number having 
an n-value between 59 and 51. The parent uranium itself has a mass number 
(4x 59-+2) = 238, and the end is lead, (4x 51-+2) = 206. Similarly, the actinium 
series is the (4n-+3) series. The integral values of n varies from 58 to 51. Thus we 
have (4n), (4n--2), and (4n-+3) natural radioactive series ; the missing series is 
the (4n--1) one. With the discovery of transuranic elements, we come across a 
new radioactive series. Tt starts with plutonium (at. no. 94, mass number 241) 
and ends in bismuth (at no. 83, mass number 209). This has been given the nam 

neptunium radioactive series. It is the (4n-I-1) series ; for plutonium (n — 60) 
and for bismuth (n = 52). The stages in this series may be briefly described as. ) 


ed as, 
241. B 241 E 237 * 233 233 
oabu ? ,,Am o, NP on mi ——— 
10y 470y 2x 106y 274a 9i 
“ 229, * 225 B 225 < a 
————t gth———> ,,Ra ——> ,,Ac ——— MET S dam 
1.6x105y 7% 108y 14.84 10d 87 oca ss At 
Sm 
* xa. B 213 a 209 B 205 
—— gBl ——> ,,Po — Pb Bi 
10-35 47m. 4x10-65 3.3hre — 99 


XVIII.14. Use of Isotopes. Artificial radioactive is. 
appreciable amounts and this has increased their sophie now be obtained in 
extent that even a detailed catalogue of the same is beyond i to such a large 
The outstanding achievement of the study of nuclear reacti € Scope of this text, 
is in the (/) production of energy through reactor (i) s reas and the isotopes 
elements and (iii) discovery of the elements in the ga ynthesis of transuranic 
few other typical applications will be mentioned herr PS of the periodic table. A 
The diagnostic and therapeutic uses of iso a 
now well-known. Radium, for some years now 
ment of cancer. For some of the undesirable eff S of its d iti 
47 ecay products itis now 
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i 99Co. The isotope 1 is employed in the treatment 
E DAR ME agiophoephorus is being used in some diseases of the 
ingi take in the bones. 
M UR It in some of the molecules of a substance, one of the 
constituent atoms of its molecules be of tadioisotopic variety, these molecules are 
id to be labelled or tagged. The proportion of the tagged molecules may be 
mp: ll in the whole mass of the substance. The chemical and physiological 
ius Fes of the normal molecules and those with isotopic constituent are the same. 
The. Sous variety can be easily and readily detected from its radioactivity with 
a G-M counter. The element whose radioisotope is introduced is called the “tracer 
element". By measuring its radioactivity, through the chemical or the physiological 
process, the fate of the substance at different Stages can be discerned. Such a 
procedure reveals the course, progress and mechanism of a change and it is called 
"tracer technique’. The eU is now widely employed and it solves many 
ther methods fail. pal. i 
Pro he illusion of lead ions into the solid or liquid may be determined by 
coating a sample of lead with its isotope radiolead. After à given time, the sample 
is cut into thin slices and the radioactivity of these slices is Measured which gives 
the extent of diffusion and enables the calculation of the diffusion Constant. 

If in a stable phosphatic fertiliser, some amount of the same fertiliser prepared 
from ??P be added and used. The uptake of phosphates by the Plant or its lodging 
can be easily followed. ae ; 

Suno a small amount of acetic acid synthesised with uC in its methyl 
group, is added to the stable acetic acid, which is used in physiological system 
where it yields carbon dioxide. If the collected CO, does not show any radioactivity 
it is obvious that it is the carbonyl group which has participated in the process. 

other instructive example is in the use of isotopes in following the mecha- 
nism of photosynthetic process. Plants, in presence of sunlight, may be fed with 
“CO, (and H,O) along with the stable *CO,. The formation of the first products 
of photosynthesis is then followed by measuring the radioactivity at different 
Stages. On the other hand, in some experiments stable CO, with H350O, (i.e., water 
With stable isotope of oxygen) was used. The liberated oxygen was tested to find 
Out if the oxygen originated from water. Since non-radioactive isotope is used, 
mass-spectrometer had to be used for detection. 1 
atches of rats were fed with diet containing ??P. At different time intervals, 


bone ash confirmed that a given phos- 


t ) f weeks and were in eqm. with 
Surroundings. Similarly, sodium chloride solution, tagged with zNa, i 


ution 1 a, injected in 
ollowed to find out the rate and directions of circulation. {nnumerable 
other applications are now being made. 

Radiocarbon Dating. W. F. Libby suggested that the age o 
containing carbon could be found out b 
In the upper reaches of the atmosphere 


steady rate by the action of neutrons of cosmic rays on stable MN. j 
14 1 -15 14 1 
IN. [;N] > ,C EIE ER 


The radio carbon thus formed is con 


[ verted into carb 
locked in the plants. Animals takin 


t -~ Pet atom of ordinar 
8 years. Hence its activity after 


would be 2597 after 

Suppose now a sample had been first formed t tears a 0, then it M 
activity (Jz) is related to is initial activity (Io) as $ We eer 
I, = he, where A = 0.693/5568 years-i 
By measuring the radioactivity of plant sam 


ples freshly formed, 7, is obtained, 
remembering that the rate of synth 


esis of MC is constant. Tne value is found as 


— — 
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15.3 counts per gm per minute. The present-day radioactivity (/;) is measured 
with the sample. It is thus possible to find out ż, the age of thesample. In this way 
samples as old as 25000 years can be dealt with. 

Age of the Earth. The earth must be as old as the oldest mineral that can be 
detected. Applying radioactive methods, the age of some of the minerals could 
be fixed and found to be several thousand million years. The method is simple. 
The end products in the disintegration of uranium and thorium minerals is lead. 
The estimation of lead in such an undisturbed ore today determines the amount 
of uranium (q) which has suffered disintegration since its formation. Further, 
measurement of the present-day radioactivity of uranium in the ore can also be 
experimentally determined by analytical methods. Let the amount of uranium 


present now be qı. Then, the original amount of uranium was (q,--g,). From 
Rutherford's equation, 


Ne = Noe™, we have, qı = (qi4-q3)e^« 
where A = 0.693/(4.6 x 10?) years. 


The age of the mineral (t years) is calculated and found to be 4.5 x 10° years. 


Similar values were also obtained by applying the method to thorium minerals 
and to rubidium containing minerals, in which Rb has a B-decay activity. 


References for further reading 


(i) Elementary nuclear theory—Bethe 
(ii) Source book of atomic energy—Glasstone 
(iii) Radioactive isotopes—Whitehouse and Putnam 
(iv) Atomic energy—H. D. Smyth 
(v) Applied radiochemistry—O. Hahn 
(vi) Radioactivity applied to chemistry—Wahl and Bonner. 


Problems 


]. Solve X in the following : 

4 9 12 
@ Lie, mX; (b ,He-t,Be— C X; (c) "Mn (n, X) Mn; 
(d) 21D —,He-- X; (e) “Ca (a, p)X 


2. In what time will **Na lose its activity by 80% if its half-life be 15 hours? 
3. The half-life of *C is 5600 years. A living sam 


c ( ple gives a count of 15.3 r 

min, Àn old sample is found to give 9.6 counts per gm per min. What is the Selon. debi 
4. 9 Y has a half-life of 64 hours and Sr 28 years, Sr decays to Y p; we in 

will be the amount of *Y in equilibrium with 1 gm of "Sr, y Bremission. What 
5. In a sample of pitchblende the atomic ratio 2°*pp : 2U = 053. 

the mineral, if half-life of uranium is taken as 4.5 x 10» years. Gace 


1. Calculat 
All lead origi qne age 


nated from uranium, 


APPENDIX 1.1 
UNITS AND DIMENSIONS 
The fundamental units chosen are those of Je 


of the units of these three are different in 
systems employed are 


ngth, mass and time. The magnitudes 
different systems.-The most common 


(i) C.G.S. system (Centimentre-Gramme-Second System) 

(ii) F.P.S. system (Foot-Pound-Second system) 

(iii) M.K.S. system (Metre-Kilogram-Second System) 

The unit of length in the C.G.S. System is the centimetre. Yt is the one- 
hundredth part of a metre which is the distance between two lines on a bar kept in 
the exchequer at Paris at 60°C. The metre itself is the unit in the M.K.S. system. 
In the F.P.S. system, the unit of length is the foot. It is one third of the distance 
between two transverse lines on a Pt-Ir bar kept at the Standards Office of the Board 
of Trade, London, at 62°F. These units are related as 


lcm = 0.01 m = 0.0381 ft 
or 1 ft = 30.48 cms 


The unit of mass in the C.G.S.-system is a gramm 


yume or gram. It is the one- 
alloy, called a Kilogr 


am, also kept at the Paris 


1 f ch is the quantity of a Pt-Ir alloy kept as standard 
in the Standards Office, en the different units are, 


l gm = 0.001 Kg = 2.2046 X 107? Ib 


or llb = 453.59 gm 
The Second is the unit of time in all systems. It is 1 [86400 th part of the mean 
solar day. 


All other units used for measuring various 
from these three fundamental units and 
units. For example, i 
of length in unit time. 
Power, surface-tension, etc., ar 

Dimensions. The fundam 
M, L and T respectively and these are used in obtaining the derived units for 
other physical quantities. Thus ay be expressed as the 
product of two 


- It is said the unit of area is of 
. Similarly the volume, V = LxLxL = I? 


à = L?, or the unit 
of volume is of 3 dimensions in length. We can then say, the unit of density 
mas; M 3 ; 
Actus =a = ML. In other words, the unit of density has 1 dimension 

in mass and 


—3 in length. 
raised to obtain the derived 


© unit of a physical 


r L and T), the relation is called “Dimensional 
Equation’. Thus, density, D = ML-5, Below s appen lis GP cud dies 
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Physical quantity Dimensions 
1. Area — (length)* L* 
2. Volume = (length)* Lt 
B Length L es = 
3. Velocity = -ime mU LT 
4 Velocity LT a = 
4, Acceleration = Time — LT 
m M 
ity = —— c -3 
5. Density GIGS Dp ML 
6. Force — mass X acceleration M x LT? = MLT-* 
force MLT-? 
= — is -1'T-3 
7. Pressure = —— L ML^T 
8. Momentum = mass X velocity M x LT = MLT- 
9. Moment of inertia = mass X (length)? ML? 
force MLT- 
= ———— os -1 2 
10. Stress = drei Li MEST 
n change of length e , 
11. Strain — "original length. no dimension 
sas _ stress A 
12. Coefficient of elasticity — EIS ML- T 
k force ` MLT- ` 
13. Surface tension = length IL MT- 
14. Work = force x distance 4 MLT- x L = ML'T-: 
15. Potential energy = mass X acc. X distance M x LT-? x L-ML?T-? 
16. Kinetic energy = d mass x (velocity)? M x (LT)? = MET: 
work ML!T-: TES 
M Power — time T = T 
18. Coefficient of viscosity = stress per 
; r m force/area MLT-?/L2 
unit velocity gradient = voci distance Try = Min 


For the quantities in electricity and magnetism, a fourth fundamental uni 
has to be defined. In the C.G.S. system, the dielectric constant, e, or the ws eta 
lity, p has been accepted as fundamental. In electrostatics, the force between 


point electric charges is given by F = 20. where e is the dielectric constant 


ur electri tant f the fi 

The dielectric constant, ey, of the free space (vac i 
unity and dimensionless. So, the unit ane be (vacuo) in e.s.u, 
a similar charge 1 cm away with a force of 1 dyne. 


is taken as 
comes the charge which repels 


I MA 


or, dimensionally 


(MLT-) = | O* ] 


Hence, the dimensions of the electric charge, LOTS UU TA 
o 
In the same way, in electromagnetics, 


i the e i 
is given by force between two magnetic poles 


= MM, P : 
jme ud? where p is the magnetic Permeability of the medium 
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In e.m.u., the permeability in free space, p, is taken as unity and is regarded 


dimensionless. Therefore, the pole which repels an identical pole 1 cm away with 
a force of 1 dyne in vacuo is the unit pole. Then 


m? ra m? 
E Hod? or [ ] pod? 
Hence the dimension of the pole strength, [m] = MLT- 
The magnetic field strength, H, is given by F=H 


m. 
F MLT-? 
OT H =—= 


= ui Mir ira 


Electrostatic s ystem 


Electromagnetic System 


pees cal epg ce RERUM E 
Physical Relation Dimension Relation Dimension 
quantity 
as ee 
ay tr te 
1. Quantity of [k M LiT 117] 
electricity Q = Fd dia, rr = pmr 
ii -$r-1 
LT L 
2: Current I — O/T dip) I -= Hr [ko B l d 
| E: 2vm Ae MeL TZ 
| [ML?T-], 3 utp?) 
3. Potential Vi W/O c ELEMIT V = W/O d 5 rir 
i 2/5 
[oar hrs] u tmir. 
4. Resistance R = VII | r3TeAa RSS NVIT T3] = un LT- 
5. Electrical Energy, E = VIT | Meg PEEV O ML?T-? 
W 
6. Electric Power P = E/T | MLT- Pares ML?T-3 


T 
To compare the electrosta 


tic and electromagnetic Systems of units, it would 
be necessary to find out a relation between €o and po. If we take the dimensions 


of the quantity of electricity in the two Systems, we have, uM ip = EMIT 
or E JE = LT 


Ho€o 
which is the dimension of velocit 


quantity in the two Systems, the act 


y. By comparing the magnitudes 
of light, i.e., 


of a physical 
ual value is found to be 3 x 1010 


, Or c, the velocity 


I 9€9 
APPENDIX I.2 


The pressure exerted by a gas. Let us take a quantity of gas occupying a volume v c.c 
M N 
and containing N molecules. The number of molecules per C.C., n = —, 
v 
Suppose out of these n molecules per C.C., there are 
nı molecules each having a velocity c}, 
n molecules each havi 


e 
aving a velocity c,, 
nN; molecules each having a velocity c}, and so on, 
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Then we have, n = n-ng-rng-4.... 
= l xn,c? 
e — Aan 
and = 5 (nyc? -Engc2 +n? 4-. ..... ) = : 1 MT 


where c is the root-mean-square velocity. 
Again suppose out of the 7, molecules (each having a velocity c,) 
n' molecules have each a velocity component x' along x-axis, 
n” molecules have each a velocity component x^ along x-axis, and so on. 


Then, n = n'4n" 4n" p... 
— 1 sn’ 19 
and x? = m a R a 84, : .) = x P (B) 
1 "ni 
and also x* = tc} 


Now consider a unit area of the wall at rt-angles to the direction of the X-axis: 
Let us attempt to find out the impact of the molecules on this area. i i 
First consider the group of molecules which have a com- 
ponent velocity x' along this axis. In one second, all such mole- 
cuies which are at a distance x’ from the wall will strike the 
surface. These molecules are therefore present in the volume 
(x' x 1) = x’ c.c. Since there are n’ such molecules per c.c. the 
total number of molecules in x’ c.c. is n'x'. Again, because both 
the directions along x-axis are equally possible, the number of 
molecules which will strike the surface is $n'x'. In each collision, 
the momentum of the molecule before impact is mx’ and after the 
perfectly elastic collision, the momentum would be —mx’. There- 
fore, the change of momentum = 2mx'. The net-change of mo- 


NN 


Astaat 


b 
» 
f. 
N 


"7 
UN 


SAYS NS) 


X 


SSWW 


mentum for all the molecules of this group (having x’ compo- | 
nent) is 2mx'xin'x' = mn'x^. 
If we now consider the change of momentum of other M 


molecules having x-axis components x^, x" etc., we have the 
change of momentum per sec 


— mn'x'* + mn'x'? + mn" x^? +... 
— mXn'x'*? = mn? 
E- d a 
= imn; 
Next, we should consider all the molecules having all possible velocities 
> 


C1, €», C3 etc. The change of momentum resulting from the impacts of all su 
cules, would be, ch mole 


Fic. AI.2 


from (B) 


= į mnci + mnc} + mne? +... 


4 mẹ nc? = mnc? 


fro 

EUN E (from A) 
3 v 

But the change of momentum per unit area 


on unit area i.e., the pressure, P. 


N 
Prep Bowe C OT Pv = 1mNc? 


per unit time/s the force acting 


APPENDIX 1.3 


oc 


Integrals of the type | e-4%? x" dx occur ve ; | 
: ry often in problems of physical 


chemistry. The results of such integrals are tabled here 


(i) | e742? x dx 


0 
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c 2 e-o: 19? 2 aL 
Let x? = z, then f e-a x dx — 4 J et dz—i IE] 2a 
0 
o PAI 1 
Gi) | TR cm -&l i aor 
0 
(iii) f e? dx 


0 


Let us start with the following : f f e-alz2 +y) dy dy, 


o 
Put x?--y? = r?. Then r dr d0 = dx dy 


eo 72 po 
Ln f f g-a(x5 4 ya) dxdy — f f e? y d0 dr 
ò oo 


eo 


= mj2 f eara rdr 
d 


7T 
7 Dp ore 
ò 
substituting z = r?, and thus dz = 2r dr. 


LJ 
Jj e-alx9+92) dx dy = dz 


Since all values for x and yarepermissi  ,soletx = y, then, 


[I e 2 eo 
JJ e y») dy dy — p CHER a | = di or f Cra A= VI 


0 


TABLE OF INTEGRALS f(x) = [P x" e-ax2 qy 
0 


Some useful expansions : When xê 


is less than unity, 


(+x) = I-x+x*-x8 4... 
(-x)7 = T+x4+x94 xS... 
XV xt OW ee 
In +x) = x — 4 E PME 
X xs xf 
mM — x) = — pose a 
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SOME IMPORTANT PHYSICAL CONSTANTS 


Physical quantity 


Electronic charge (e) 
Avogadro constant (No) 
Boltzmann constant (K) 
Faraday constant (F) 
Velocity of light (c) 
Planck constant (/) 

The gas constant (R) 

Rest mass of electron (me) 
Rest mass of proton (mg) 
Ratio, 7g/me 


Magnitudes 


4.8028 x 10-1? esu 

6.0247 x 1028 molecules/mole 
1.3804 x 10-16 ergs/deg 
96493 Coulombs/equivalent 
2.9979 x 101° cms/sec 

6.6252 X 10-27 ergs-sec 

8.316 x 107 ergs/deg/mole 


9.109 x 10-28 
1.673 x 10-24 
1.837 x 108 TY 


Conversion factors 


1 atmosphere 
1 calorie 

1 electron volt 
] amu 


1,013,250 dynes/cm? 
4.1840 joules 

1.602 x 103? egrs 
931.16 Mev 

5.6099 x 10?9 Mey 
1.07 x 10 mass unit 


Vu gw di 


1.6 x 10-* ergs = 4.45 x 10-20 KWH 


APPENDIX III 


THE B.E.T. EQUATION (See Sec. XV.5) 


According to this theory, the adsorbed layer may be multimolecular thick and 
there is dynamic equilibrium between the successive la 
that the heat of adsorption in each layer excepting the 
latent heat of condensation, L. The energy of activation for des 
from the first layer is E (say). Ata temperature T and pressur 


9, = fraction of the surface empty 
0, — fraction of the surface Covered with a single layer 
— fraction of the surface Covered with a second layer 


Further let xm be the number of molecules adsorbed per cm? 


Now considering at eqm, the rate of adsorption equal 
at the first layer, we have 


in a completed layer. 
to that of desorption 


kp, = xg, y,e-EiRT exe D) 


where y, is the frequen: 


Te v, cy of oscillation of the adsorbed molecules. For the 
equilibria in s 


uccessive layers, we can write 
kpð, = xp ,ye-LIRT 


kph, = xm Ozve-LIRF 


-Q) 
a xe) 


Kp 0, = xmOve-LIRT eto, 


tet (4) 
remembering that the frequency of oscillation y would be the same for all layers 
excepting the first, 

kpeElRT 
From (1), 6,/0, = ean a a (say) «s « (5) 
or 0; = a8, . (6) 
kpeLIRT 
from (2) 0,0, .— Ao E B (say) mei) 
or 0, = B0, = oapBü, = YB" 0, iso (8) 
putting a/B = y «oy (9) 
Similarly, 95/2 = B, or 6, = B0, = yB^ 6, ... (10) 
and hence 0 = ypta, t. (11) 
Obviously, y = aß = Š eE-DIRT, byG)and(7) — .,,(5 
1 
Now, the total adsorption per 8q. cm of the surface, 
X = Xm [626,436 4... Hit.. J 
(Ge a0, = YB 4) = *n[v80,--2y8*0, 13,3, . EB, IL, vll 
ian 
a Bile S. B 
xny&, | zig ju = any Er es) 
Hence Xlxm = Vas . . . (14a) 
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Expressing adsorbates in term of volumes 2E A 
Um Xm 
We have vjuim = yh atm =e (14) 


The evaluation of 6) may be made as follows : 
ba = 1—(6,4-034-054-. ..0:4-...) 
= 1—(vB0,--yB*09--yB3065-2-. . .) 


1-8, [ ze | = 1-542 


1-21 1—B 
or 0, — a (15) 
= yB S15 s 
1 ET. 
Substituting (15) in (14), 
daco UTERE 009 
a-g)? 1-1 5] 7 


If the eqm pressure is made equal to the saturated vapour pressure 
adsorbate, then x, amount of molecules adsorbed would be ae ee Bie 


from (14a), B = 1. 
kp,eliRT 


That is, Kavi rr L 
Comparing this with (7), 8 = p/po ote AOT 
he equation (16) then reduces to v/vm = XPIpo) 
The equation ( "UPPA t6 — DI] 
: ; ee ee vl oP. 
which may be rewritten as, v(Po—p) Umy "m Umy k Po AATE (18) 


which is the B-E-T relation. 


APPENDIX IV 


CLAUSIUS MOSOTTI RELATION 


A simple, though some what approximate, derivation of this relation may be made 
as follows : Consider a substance of mol wt. M, density d and dielectric constant D 
present between two plates of a condenser with charges--O and — Q. The field of 
force due to the charges be F which act on the molecules of the substance so as to 
produce an average induced moment 77 per moleule. Let Z be the induced moment 
per c.c. 


d 
Then, the number of molecules per c.c. = Ne where N = Avogadro number. 


$ - Nd 
~<. the moment induced per c.c., Z = m. I ECN 
Now take a thin slice of the dielectric between the plates having thickness x, 
cross-section a, i.e., volume ax. Then induced moment is axZ. í s 
But the induced moment = charge X distance (x) 


a. 


i.e., charge, (on the surface of the slice) = + xZ = +aZ 


or, charge density = + Z 


If the slice were inclined at an angle 6 to the direction of the field, then the charge 
Sensity would be + Z sin 9. 

the slice of the material be now imagined to increase in size as to be 1 
enough just to fill up the entire space between the plates, Fig, (A.IV.1), $e ine 


the charge on the plates = + d the charge on the surfa i i 
adjoining the plates — 4 z^ Q an ce of the dielectric 


Hence the effective charge — Q—Z. 


=Q +Q ~Q Zz, +0 
x 2 
] m 
(i) 
Fig. A.IV.1 
By definition, we have, dielectric constant, D = Q 


Q—Z 


molecules s ease: 
force may be calculated by considering the ui Word it, mer uid 
a sinere of induced charges. The net force, F = F+ B ES 

o determine the magnitude of F. , We may imabine ct B 
ing sphere divided into Strips. dais, i stp On thi e Surface of the surround 
and 0-F-d6 (Fig. A.IV.2) The area of the strip = 27r Cos 6x rdo. 


The strip makes an angle 6 to the field, then t i i 
-. the total charge on the Strip — 2ar?Z Cos 0. Sin aage xU 


a 
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Hence the force on unit charge =4 2ar?Z Cos 0 Sin 0 d0 = 27Z Cos 0 Sin 6 dé. 


The force exerted on unit charge parallel to the field = 27Z Sin 0 cos 0 dx Sin 0 
To evaluate the total force exerted by the entire surface of the sphere, we 
may integrate the above for 0 to 7/2 and double the same, i.e., 


nl Sino? — 4sz 
= in? = _ 4r 
F,=2x |, 2nZSin 8 Cos 040 = 4zZ | i j? u$, 
The force F}, due to plate-charge is given by F1 = 4r (Q—Z). 
n F= 4n(Q—-z)+ TE 
or 3F = 12rQ—8rZ 
hess 127Q = 3F-rF8"Z 
and 12zQ —12zZ = 3F—4nZ. 
pene Q L3FE87Z 
Q-Z 3F—4nZ° 
l DE Lies" 4- 7 
So that DESS oF ^ 3' F 


dE Nd Li dn 
= 7 M ™ F [substituting from (i)] 


But m = aF, where a is the polarisability of the molecule. 


D+2 d 3 
D-1 M]; l larisati 
[53 A ] is the molar polarisation, Pg. 
4nN 
Hence Pi = T a. 


This is Clausius Mosotti relation. 


APPENDIX V 


ORIENTATION POLARISATION : DEBYE EQUATION 


The orientation polarisation comes into the picture only when the molecules 
are polar. In the absence of any field the dipoles will be lined up in all directions 
and would not contribute to polarisability of the dielectric. When a field is applied, 
the dipoles would tend to line up with the field. . 

The electrostatic energy e of a Polar molecule for an orientation 0 with the 
direction of the applied field Fis, «e = —F u Cos9, 
where p is the moment of the molecule. 

Applying Boltzmann-Maxwell Statistics, we can find out the average value 
of this energy for all the molecules, 


to to 
f ezdkTre gx c dy. f 


eS Core E 0) d (—FuCos0) 
€ LI -e — 
Fo Fo 
Í e-dkT dx dy Í eFt+Coso/kT .d (—FuCos 6) 
Putting a = Th and x = Cos6 
kT ; 


eae x aec] 
G c (79) Zaw = (—Fp). r e MM 
| erz dx [ae] 
=1 


icy, m a x. €^ --e-a 1 
i) cn) [2567 z] 
1 ] zy a 
= — Fu [ Con a — T =u 
; - a Lf ee AT eae 
ie, lx ido a vu Rote da 
If the average moment acquired due to orientation be Ho then e = — Fig 
tat u? 
or Ho = — 3kT F. 
But po = a,F, where Ho is the orientation polarisability 
2 
ex mam 
eee cr 


whee D-1 M  4zN : 
The total polarisation Pi = D42'd —-3 ®% Where a is the net polari- 


sability, both due to distortion as also orientation, Hence, 
AnN 4nN 2 
Tey) E EN EMEN, n 
t 3 [se] 3 [ot 3er] 
This is Debye equation. 


A 
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DETERMINATION OF AVOGADRO'S NUMBER 


In chapter XVI, two methods for the determination of Avogadro's number (No) 
from Brownian motion of sol particles, have been described. A number of other 
methods, based on distinctly different phenomena, have also been employed. 
‘A few of these methods are briefly enumerated below : 


(i) From electric charge, e. The charge carried by a gm-ion of hydrogen 
has been found to be 96489 coulombs. 


Therefore N,.e = 96489 x 2.997 x 10? e.s. units 


A knowledge of electronic charge (e) from direct measurement thus gives a 
value of No. The value of e has been obtained by different methods, such as from 
Millikan's oil drop in electric field, from radioactive decay, from charge on a- 
particle, from X'-ray methods, etc. If we accept Millikan’s value of e as 4.77 x 10-10 
eé.s.u., then 


96489 x 2.997 x 10? 
No = — 47x0 = 6.06 x 1028 


(ii) From Kinetic theory. We have seen, the mean free path (/) of a gas is 
given by 
1 
SE 5064 
where n = no of molecules present per c.c. (Loschmidt's number) and o = dia- 


meter of the molecule. Now if v denotes the net volume of all the molecules EA Y 
in 1 c.c. of the gas, then 


1 


T7T 
v= œn . (B) 
Ab il j 1 
Bron 4) and (She ase Ves Tyan hts PR s 
22400 
x No = qd 


The value of / is obtained from viscosity measurement using the relation 


pu pcl, where c is the average velocity of the molecules and P, 


as. 
HE The value of v is often taken from van der Waals ‘DY hers vr 


the density of 


3/4. Sometimes 
refractive index value is used to obtain: v, from the relation v = wel 


u*r2 
iii) From radioactivity. Each a-particle ejected from " : 
My turns into a helium atom. The number of à radioactive source 


5 | Oi a- i 
second and the volume of helium gas resulting therefrom yere disci ned pec 


he number of helium atoms (i.e., molecules) per c.c. ; 
T When 1 gm of radium is in equilibrium with g) eae snows ‘ 
a-particles produced per second is 4 times the quantity (z) ejected e number of 
1 gm of radium alone. Rutherford and his coworkers showed” ee per sec from 
from different types of experiments on the disintegration of radi at z = 3.7 x 101 
On the other hand, it was also found by the radium. 


` m : i 
was produced per year from 1 gm of radium in equili Fs with icu. gf belium gas 


librium 
4z x (365x24x 60x60) = 156x 10-35 
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3 4x3.7x 10" x 365 24 60 x 60 HR 
i.e., n = 156x107 = 2.96x10 


whence N, = 22400x2.96x 10 = 6.6 x 102 


Curie and Dibierne repeated the method with polonium and found 
N, = 6.510% 


(iv) From intensity of light. Planck’s equation for the intensity of isothermal 
radiation (J,) at temp. T'is given by 


2nc*h 1 _ 2nc%h 1 
= CON * eNockiRTX_| = TN * eNochI RTA —1 


[ h = Planck’s constant, c = velocity of light.] 
Calculations from measurements of J, gives the value of No = 6.2 102, 


In another method, the intensity of light (7) diffused by a cubic centimetre of 
liquid due to fluctuations of density is given by 


po TÊRT(?—1)? (p42)? 
— 18N »( COD 
0 * 9v, 


Where vy = specific volume and ip = isothermal compressibility, The value of 
0 


No obtained from this relation is 7.5 x 1023, 


(v) From diffusion experiments. The equation (VILa) in Section 16,9 
that if D be the coefficien n » Shows 
ave 


t of diffusion of Spherical molecules Or particles, we 


RTA Sex 
Arc pos 

and obtaining r from viscosi measurements 
and found to be 6.5 x 1023 (Bia M s 


Using experimental values of ‘p’ 
of sugar Solutions, No was evaluated 


Abnormal vap. density, 74 

Absolute temperature, 4 
Reaction rate theory, 653 

Absorption coefficient, 359, 706 

Absorption of radiation, 357 

Accumulators, 568-70 

Acids and bases, 577, 584 
dissociation constants, 521, 577 

Acid-base catalysis, 663 
indicators, 596 
titration, 522, 557 

Actinides, 736 

Actinometers, 708 

Activated complex theory, 653 

Activation, energy of, 647, 654 
of catalysed reaction, 667, 671 
entropy of, 654 
heat of, 654 

Active centres, 673 

Active mass, 386 

Activity, 235 

Activity coefficient, 2 


and conc., 237 4 
and Debye-Hiickel theory, 528, 533 


determination of, 556, 565, 515 
and ionic strength, 527, 533 
of ionic solutions, 524, 556, 565 
Activity product, 571 
of water, 582 
Adiabatic processes, 166 
—work, 167 
demagnetisation, 213 
Adsorbate and adsorbent, 612 
Adsorption, 607 
and absorption, 607 
applications of, 621 
and catalysis, 667 
heat of, 671 
from solutions, 614 
types of, 617 
Adsorption equation, Gibbs, 610 
Adsorption isotherm, 613 
p-E-T, 618 
Freundlich, 614 
Langmuir, 614 
Age of the earth, 739 
Alpha particles, 246-47 
and Avogadro number, 751 
scattering, 248 
and nuclear charge, 249 
Amagat's law, 7 
Amalgam cells, 560, 565 
Amphiprotic solvent, 585 
Andrew's curves, 42 
Antiparticles, 718 


48 


31, 556, 565, 575 
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Aprotic solvent, 585 
Arrhenius equation, 645 
Arrhenius theory of dissociation 499 
Association, 99 d 
in solution, 493 
colloids, 701 
Aston's mass spectrograph, 257 
Asymmetry effect, 518 
Atom, 248 
Atomic bomb, 730 
Atomic heat capacity, 141 
mass unit, 262 
numbers, 249, 251, 259, 288 
Atomic radii, 136 
Atomic spectra, 268 
Atomic structure, 241, 270 
Atomic weight, 139 
Autocatalysis, 641 
Autoxidation, 671 
Avogadro number, 501, 690, 751 
Avogadro law, 2, 19 3 
Azeotropic mixtures, 446 


Balmer series, 269, 272 

Bainbridge, mass spectrograph, 258 
Band spectra, 340 

Bases (see acids and bases) 
Beckmann apparatus, 480 

Beer's law, 359 

Benzene, structure of, 311, 323 


Berkley and Hartley (osm. pressure), 486 


Berthelot equation, 51 
Beta-particles, 248 
Bimolecular reactions, 648 
Binding energy, 263 
Bohr's theory, 270 
Bohr magneton, 363 
Bohr-Sommerfeld theory, 277 
Boiling point diagrams, 444 
elevation of, 479 
detn., 480 
of liquid mixtures, 444-47 
and vap. pressure, 89, 444.47 
Boltzmann constant, 20, 372 
distribution law, 372 
Boltzmann factor, 33 
and reaction rate, 648, 655 
Bond, chemical, 296, 314 
energy, 176, 321 
length, 321 
m- and o-, 307 
Bonding in complexes 
Born-Haber cycle, DI pe 
Bose-Einstein statistics. 384 
Boyle's law, 2, 19 i 


754 


Boyle-temperature, 37, 45, 50 
Bragg's method, 115 
Brónsted-Lowry theory, 584 
Brownian motion, 689 
Buffers, 595 


Cailletet and Mathias law, 11 
Calomel electrode, 551, 588 
Calorimeter, 173 
Camphor, as solvent, 483 
Capillary rise (surface tension), 95 
Carbon, bond distance in, 113, 124, 128 
crystalline forms, 111, 118 
—dioxide structure, 336 
Carnot cycle, 182 
theorem, 184 
Catalytic poisons, 670 
reactions, 661 
Surfaces (properties), 667, 672 
Catalysis, 661-75 
acid-base, 663 
and adsorption, 668 
enzyme, 673 
homogeneous, 662 
heterogeneous, 667 
negative, 670 
Cataphoresis, 683 
Cathode, processes at, 605 
Overvoltage, 605 
Tays, 242 
reduction at, 546 
Cell, conductivity, 508 
constant, 509 
Daniell, 536, 541 
e.m.f., 538-42 
standard, 538 
Cells, concentration, 560 
commercial, 568 
dry, 569 
reversible-irreversible, 537 
voltaic, 536, 558 
Chadwick, 250 
Chain reactions, 656 
photochemical, 709 
Charle's law, 3, 19 
Chelates, 319 
Chemical bonding, 296 
Cells, 536, 558 
constant, 218 
constitution and spectra, 353 
equilibrium, 385 
kinetics, 628, 668 
potential, 230 
statistics, 371 
Chemiluminescence, 716 
Chemisorption, 615, 668 
and catalysis, 667 
Chromatography, 621 
Clapeyron-Clausius eqn., 215, 415, 431 
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Claude process, 213 
Clausius-Mosotti relation, 748 
Close-packed crystals, 125 
Coagulum, 681 
Coacervates, 687 
Coefficient of absorption, 358 
compressibility, 13 
expansion, 13 
molar extinction, 359 
viscosity, 78, 100 
Cohesive force, 40 
Colligative properties (solutions), 476, 490 
Collision diameter, 38 
number, 76, 649 
theory (reaction rate), 647 + 
Colloids, preparation of, 677 
properties of, 681 
Structure of, 686 
types of, 679 
Colloidal electrolyte, 701 
Combustion, heat of, 172 
Common ion effect, 579 
Complex ions, 314, 566, 575 
Components, 424 
Compressibility factor, 59 
Concentration cells, 560-65 
Concentration polarisation, 603 
units of, 476 
Conductance, Debye-Hückel theory of, 517 
electrolytic, 499-507 
equivalent 508-10 
and dilution 510, 593 
ionic, 513 
measurement and applications, 508, 520 
specific, 507 
titration, 522 
of water, 521 
Congruent m.pt., 459 
Conjugate acids and bases, 585 
Conjugate solutions, 437 
Consecutive reactions, 642 
Conservation of energy, 154 
Consulate temp, 438 
Constant boiling mixtures, 446-48 
Constitutive properties, 323, 329 
Continuity of state, 12 
Cooling curves, 454 
Co-ordinate bond, 314 
Co-ordination number, 137, 297 
Corresponding states, 46, 59 
Cottrell method, 481 
Cottrell precipitation, 687 
Counters, 247 
Covalency bonds, 133, 301, 314 
Critical constants, 9-10 
Solution temperatures, 438 
Cryoscopic constant, 483 
Crystals and, analysis of, 107 
Bragg's, 115 
other methods, 128-30 
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angles, 107 
forces, 130 
lattices, 111 
systems, 110 
structures, 117-27 


Dalton's law, 6, 19 
Daniell cell, 536, 541 
Dative covalent bond, 314 

de Broglie relation, 280 
Debye characteristic temp., 144 

dipole moment eqn., 332 

heat-capacity eqn., 143 

unit, 333 " : 
Debyc-Hückel limiting law, 528 
Debye-Hiickel theory, 517 
Debye-Scherrer method, 128 
Decomposition potential, 601 
Degree of dissociation, 75, 520 
Degree of freedom, 67, 424 
Deliquescence, 471 
Density, 835^ 69 

limiting, 71 

and mol. wt., 7A 

ur-, 72 l 

Eon potential, 601 
Depression of freezing pt., 482 
Desorption, 611 

euterium, 
I 679° si 

i etism, 
Pin moleculer, 38, 82 
Diamond, structure of, 124 
Dielectric constant, 331, 519, 530 
Dieterici equation, 48 
Diffusion, 7, 24, 260, 693 
Dilute solutions, 476 
Dilution, heat of, 174 
Dipole moments, 330-36 
Discharge potentials, 601, 604 
Disperse phase, 678 


Dissociation, with absorption of light, 710 


cids, 577 
at a 521, 577, 580 
energy, 176, 350 
electrolytic, 520 
of gases, 74 
pressure, 393, 470 
of salt hydrates, 469 
in solution, 495 
of water, 521 
pistillation, 444-48. 
Distribution coefficient, 418, 594 
pistribution law, 418 
-Boltzmann, 33, 372 
of energy, 31, 372 
of velocities, 25 " 
an equilibrium, 
Doubs ies 541, 623, 686 
Drop-weight method, 97 
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Dry cells, 569 
Dulong Petit law, 140 
Duhem-Margules eqn., 449 
Duma's method, 72 
Dynamic allotropy, 436 
Ebullioscopic constant, 480 
Efficiency (carnot engine), 183 
quantum-, 707 
Efflorescence, 471 
Effusion, 7, 19, 24 
Eigenvalues, -functions, 284 
Einstein, heat-capacity theory, 142 
law of photochemistry, 706 
photo electricity, 267 
unit, 707 
Electrical charge of colliods, 685 
double layer, 547, 623 
work and free energy, 539 
Electrochemical equivalent, 498 
Electrodes, different types of, 544 
calomel, 551, 588 
glass, 589 
hydrogen, 550 
quinhydrone, 546, 588 
reversible, 537 
Electrode potential, 547-55 
and activity, 555 
applications of, 555, 565 
and e.m.f. 549 
oxidation, 548 
standard, 553 
Electrode processes, 605 
Electrodialysis, 679 
Electrokinetic phenomena, 622, 683 
potential, 624 
and colloids, 683 
Electrolytes, 498, 501, 510-12 
Electrolytes, strong, 501, 510 


activity coeff., 522-28, 524, 528.34 


weak, 501, 512, 514, 520 ` 
Electrolytic Conductance, 499, 507 

determination, 508 

dissociation, 499 

solution tension, 547 
Electrometric titration, 556, 600 
E.m.f. 536 

and electrode potentials, 549 

and eqm, constants, 542 

and free energy, 539 

and ionic product, 582 

measurement, 538 

reversible, 537 

of standard cells, 538 
Electron, 241 

affinity, 294 

Charge of, 243 
Electron beam diffraction, 129, 281 
Electron spin resonance, 368 
Electronic spectra, 355 
Electronegativity 212 
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Electroosmosis, 622, 625, 684 
Electrophoretic effect, 518 
Electrophoresis, 519, 623, 683 
Electroviscous effect, 688, 
Elements, crystal structure of, 122-25 
transuranic, 733 
Elevation of boiling pt., 480 
and mol. wt., 491 
Emulsions, 702 
Enantiotropy, 435 
Endothermic reactions, 168, 403 
activation energy of, 647 
Energy, of activation, 645, 653 
conservation of, 154 
equipartition of, 66 
internal, 149 
kinetic, 20 
and quantum theory, 265 
potential, 348 
rotational, 342, 380 
translational, 378 
vibrational, 345, 381 
Zero point, 350 
Energy-levels and atomic spectra, 270 
and molecular Spectra, 339-47 
Enthalpy, 162, 172 
Entropy, 185-97, 217, 375 
at abs. zero, 225 
of activation, 654 
determination, 226 
and partition function, 375 
Physical concept of, 194 
and probability, 197 
and third law, 225, 367 
Extinction coeff., 359 
Enzyme catalysis, 673 
Eótvos equation, 99 
Equation, Arrhenius, 645 
B-E-T, 618 
Berthelot, 51 
Brónsted- Bjerrum, 666 
Clapeyron-Clausius, 214 
of corresponding States, 46 
de Broglie, 280 
Debye, 143 
Debye-Hückel, 517, 528 
Dieterici, 48 
Eótvos, 99 
Freundlich, 614 
Gibbs adsorption, 610 
phase rule, 423 
Gibbs-Helmholtz, 200 
Henderson, 595 
Ideal gas, 4, 34 
Kammerling-Onnes, 52 
Kirchhoff, 164 
Langmuir adsorption, 614, 668 
Macleod, 99 
Morse, 350 
Poiseuille, 79, 101 
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Ramsay-Shields, 99 

real gases, 38 

Smolochowski, 626 ` 

van der Waals, 39 

van't Hoff, 402, 488 

virial, 53 
Eauilibrium, chemical, 148, 385 

criterion of, 202-5, 397 
Equilibrium constant, 387-94 

and concentration, 388 

determination, 405-7, 423, 543 

and e.m.f, 542 

and free energy, 539 

and partition function, 408 

and pressure, 389 

and standard potential, 542 

and temperature, 401 

and velocity constant, 646 
Equilibrium diagrams, 428-29 
Equílibrium, heterogeneous, 393, 415 

homogeneous, 389 

phase, 426 

photochemical, 714 

radioactive, 722 
Equipartition of energy, 66 
Eutectic ‘point, 455 

Systems (different types), 455-62, 467 
Exact differential, 152 
Exclusion Principle, 287 
Exchange reaction (isotopic), 261 
Exothermic reaction, 168, 403 
Explosion’ limits, 659 
Extinction Coefficient, 359, 706 
Eyring, first order Teaction, 633 

Tate theory, 653 


Faraday’s laws, 498 
Fermi-Dirac Statistics, 384 
First law of thermodynamics, 153 
First order Kinetics, 631 
Fission, 728 
Flame temperature, 176 
Flocculation, 681 
Fluidity, 104 
Fluorescence, 716 
Force constant, 347 
Formation, heat of, 171 
Fractional distillation, 445, 451 
Franck-Condon principle, 352 
Free energy, 199-202, 375, 539 
of activation, 653 
and equilibrium, 202, 398 
and e.m.f., 539 
and entropy, 200 
and partition function, 375 
Change in reactions, 202 
Free radicals, in chain reactions, 658 
Freezing mixtures, 463 
Freezing pt. depression, 482 
maximum, 467 


minimum, 466 
Frequency factor, 646, 654 
Fugacity, 234 
Fusion, heat of, 214 
Fusion mixture, 467 
Fusion, nuclear, 732 


Galvanic cells, 536 
Gamma rays, 248 
Gas, behaviour of, 2 
constant, 6 
collisions in, 76 
compressibility, 13 
density, 69 
diffusion, of, (ie 83 
dissociation in, 74, 
heat capacity, 61, 66, 163, 205 
ideal and real, 34 
laws, 2, 19 
liquefaction of, 211 
kinetic energy, 16, 18, 31 
kinetic theory, 13 
mixtures, 6, 7, 196 
pressure, 17, 23 
temperature, 19. i 
thermal conductivity, 83 
ility, 416 
iri or molecules of, 15, 25, 30 
viscosity, 78 
Gay Lussac's law, 3 
Is, 689 
ed counter, 247 aa 
Geiger-Marsden expt., Ac 
Gibbs adsorption eqn., 
phase rule, c NN 5 
ibbs-Duhem re i 
E relation, 200, 220 
Gibbs potential, 200, 230, 375 
Glass electrode, 589 
Gold numbers, 688 
Graham’s dialysis, 679 
Graham’s law, 7, 24 . 
Graphite, structure of, 12 
Grothus-Draper law, 706 
Group-displacement law, 721 
Guldberg and Waage, 386 


ell, 544 
HAR ffe (radioactive change), 
of reaction orders, 632, 638 
Hardy-Schulze law, 682 
Heat of activation, 654 
adsorption, 672 
dissociation, 350, 583 


reactions of different types, 171-75 


Heat capacity, 61, 66, 163, 205, 375 
and equiparti'ion of energy, 66 
of solids, 140, 382 

Heat capacity relations, 205 

Heat content, 162, 375 
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Heat theorem (Nernst), 220 
Heavy hydrogen, 261 


Heisenberg, uncertainty principle, 281 


Helium (from a-particle), 247 


Helmholtz, double layer, 547, 623, 686 


Henderson equation, 595 
Henry's law, 416 
Hess's law, 170 
Heterogeneous equilibria, 393, 415 
phases, 424 
Heteronuclear bonding, 313 
Hildebrand rule, 216 
Hittorf rule, 504 
Hofmann method, 72 
Hofmeister series, 687 
Homogeneous equilibria, 389 
Hybridisation, 307 
Hydration of ions, 516 
Hydrogen atom, energy levels of, 269 
Hydrogen bond, 134, 319 
electrode, 550, 587 
ion concentration, 587 
determination, 587, 600 
and indicator, 598 
Hydrogen isotopes, 261 
Hydrogen overvoltage, 603 
Spectrum, atomic, 273 
Hydrolysis constants, 591-95 
of esters, 633, 635 
of salt solutions, 590-95 


Hydrophilic and hydrophobic sols, 680 


Ideal gas, 34, 162 
solubility, 415 
Ideal solutions, 440 
Imbibition, 689 
Incongruent m. pt., 463 
Indicators, 577, 596.600 
Induced reactions, 671 
Infrared spectra, 342, 353 
Inhibitors, 670 
Interfaces, phenomena at, 623, 686 
Interionic attraction theroy, 517 
-distances, 137 
Intermolecular forces, 58 
Internal energy, 149, 374 
Inversion temperature, 211 
Ion, 499 
Charge carried by, 502 
complex, 566, 575 
conc. and e.m.f, 550 
Ton conductance, 513 
application, 521.22 
independence of 513 
Ion in Crystals, 119 
exchange, 622 
hydration of, 516 
migration of, 512 
pairs, 119 
Ionic activity, 524 
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-coefficient, 556, 560, 575 
atmosphere, 518, 530 
bond, 130, 299, 339 
equilibria, 536, 571 
lattice, 119 

mobility, 514 

product of water, 582 
radii, 137, 516 

radius ratio, 138 

size, 137 

solutions, 528 

strength, 527 

velocity, 514 
Tonisation, acids and bases, 577 

constant, 577-80 

theory of, 499 
Tonisation potential, 274, 294 
Irreversible, cells, 537 

Processes, 156, 180, 189 
Isochore, reaction, 401 
Isoelectric point, 700 
Jsohydric solution, 590 
Isomorphism, 139 
Tsoteniscope, 478 
Isotherm, adsorption, 610-15 

reaction, 398 
Isothermal processes, 158-60 
Isotonic solutions, 487 
Isotopes, 254-59, 737 
Isotope cffect, 348 


Joule, 162 
Joule-Thomson effect, 208 
on cooling, 211 
Junction potential, liquid, 558, 562 


K-capture, 728 
Kinetic energy, 20, 31 
Kinetic theory, 15 

of gases, 13 

and gas laws, 19 

and energy, 20 

and heat capacity, 61 


Kinetics of reaction (see chemical kinetics) 
Kirchhoff’s equation, 164 

Kohlrausch's law, 512 

Kopp's law, 141 


Lambert’s law, 358 
Langmuir adsorption isotherm, 614, 668 
film balance, 620 
Latent heat, 89 
Lattice, 111 
Laue diagram, 114 
Lavoisier-Laplace law, 170 
Law, Avogadro, 2, 19 
Beer, 359 
Bragg, 115 
Boyle, 3, 19 
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Cailletet and Mathias, 11 
Charles, 3, 19 
of conservation of energy, 154 
of constant heat summation, 170 
of corresponding states, 46 
Dalton, 6, 19 
Debye-Hückel, 517, 528, 533 
Distribution, 418 
-molecular velocities, 25 
Dulong-Petit, 140 
of electrolysis, 498 
Einstein, 706 
Faraday, 498 
of gases, 2, 19 
Gay-Lussac, 3 
Graham, 7, 9, 24 
Group displacement, 721 
Guldbreg and Waage, 386 
Haüy, 107 
Henry, 416 
Hess, 170 
of isomorphism, 139 
Kohirausch, 512 
Kopp, 141 
Lambert, 358 
Lavoisier and Laplace, 170 
of mass action, 385 
Maxwell, 25 
Mitscherlich, 139 
of osmotic pressure, 487 
of partial pressure and volume, 6-7 
of photochemistry, 706 
of rational intercepts. 108 
Raoult, 440, 477 
Steno's, 107 
Stokes, 102 
of symmetry, 109 
of thermochemistry, 170 
of thermodynamics (see thermodyn 
van't Hoff, 488 
Leclanche' cell, 569 
Le Chatelier principle, 401 
Lewis, acids and bases, 586 
activity concept, 235 
ionic strength, 528, 532 
Ligands, 315 
Ligand field theory, 317 
Limiting density, 71 
Linde process, 212 
Lindemann, theory of, 651 
Liquid state, 86 
Liquid junction potential, 558, 562 
Liquid mixtures, 437 
azeotropic, 448 
Constant boiling, 446 
distillation, 445 
ideal, 441 
immiscible, 452 
junction potential, 558, 562 
vap-pressure, 88, 478 
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Liquid, surface tension, 92 
viscosity, 100 

Liquidus curve, 456 

Lowry, acids and bases, 584 

Luminescence, 715 

Lummer-Pringsheim expt., 264 

Lyman series, 269 

Lyophilic and lyophobic sols, 680 

Lyotropic series, 687 


Macleod's eqn., 99, 322 

Macromolecules, 694 
mol.wt. determination, 698 

Magnetic quantum number, 279 
properties, 361 
rotation, 327 

Mass action, law of, 385 

Mass defect, 262, 263 

Mass spectrographs, 251 

Maximum bubble pressure, 96 

imum work, 158 

Maced distribution law of, 25-34 
relations, a Pon 
ean free path, /5, 

Ms point, 214, 459, 462 

Membrane equilibrium, 697 

Membrane, semipermeable, 484 

Metallic bond, 134 

Metallic colloids, 678 

Metallic deposition, 605 

Metastable states, 432, 721 

Mho, 507 

Micelles, 701 

Micellisation, 701 

Michaelis constant, 674 

Migration of ions, 501 512 

Miller indices, 108 

Millikan, electron-charge, 244 

Mitscherlich law, 139 

Mobile equilibriun, 401 

Mobility of colloids, 700 
of ions, Don 

derators, 

Meli depression constant, 483 
elevation constant, 480. 

Molar adsorption coefficient, 359 
extinction coefficient, 359 
heat capacity, 61, 163, 205, 382 
partition function, 375 
polarisation, 330 
refraction, 328 

Molecular association, 15,:99 
attraction, 35, 40 
collision, 76 
crystals, 134 
diameter, 38, 82 
spectra, 339 
weight, detn.of, 72, 105, 453, 490 

number average, 695 
waioht average, 696 
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Molecular distribution (gravitational 


33, 690 
Molecular orbital method, 306 
Molecular partition function, 375 
Molecularity of a reaction, 630 
Molecules, kinetic energy of, 19, 378 
moment of inertia of, 343 
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field) 


structure of, 319, 323, 336, 354, 358, 367 


velocity of, 16, 20, 31 
Monolayers, 613, 619, 668 
Monotropy, 435 
Morse, osmotic pressure method, 486 

relation, 350 
Moseley, at. number, 251 
Moving boundary method, 505 


Negative adsorption, 611 
catalysis, 670 
Neptunium series, 737 
Neutralisation and buffer, 595 
and hydrolysis, 599 
titration (conductrometric), 522 
-(electrometric), 556, 600 
Neutrons, 253 
thermal, 731 
Nonideal gases, 34-53, 234 
Systems, 234-37, 442, 493 
Nonpolar molecules, 330 
Nuclear chemistry, 718 
charge determination, 250 
energy, 729 
reactions, 723-33 
-artificial, 723 
Nuclear isomers, 727 
Nuclear magnetic resonance, 365 
Nuclear theory of atom, 248 
Nucleon, 253 
Nucleus, 252 
Nuclide, 720 


Octet rule, 299 
Ohm, reciprocal, 507 
Oil-films, 619 
Oil-in-water emulsions, 702 
Onsager equation, 519 
Optical activity, 324 
density, 359 
exaltation, 329 
properties of sols, 680 
Opposing reactions, 643 
Orbital, 306 
hybrid, 307 


Order-disorder and entropy, 194, 225 


Order of Teactions, 629, 638 


Osmotic pressure and osmosis, 485, 696 


Ostwald dilution law, 521 
Ostwald-Wallter method, 473 
Overgrowth, 140 
Overvoltage, 601-06 
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standard, 548, 553 


Oxidation-reduction electrode, 549, 557 


Packing fraction, 262 
Parachor, 332 
Paramagnetism, 363 
Partial molal quantities, 229 
partial pressure, 6, 19 
Partially miscible liquids, 451 
--solids, 468 
Partition coefficient, 418 
Partition function, 373-81 
Pauli exclusion principle, 287 
Peptisation, 678, 688 
Perfect differentials, 152 
Periodic table, 288, 721, 736 
Perrin (Avogadro no.), 691 
Peritectic System, 468 
Pfeffer (on osmotic pressure), 486 
pH, 583 
-determination, 587, 600 
Phase, 424 
Phase diagram, 428-29 
of one component Systems, 431 
of two component Systems, 437 
of three component Systems, 47] 


of different aqueous systems, 455, 458 461-63 


of liquid-liquid systems, 437 
of solid-solid systems, 455 
Phase Tule, 423 


Phosphorescence, 716 
Photochemical Chains, 711 
equilibrium, 714 
equivalence, 706 
reactions, 705 
Photochemistry, 705 
Photoelectric effect, 267 
Photo sensitisation, 715 
Photosynthesis, 706 
m-bonds, 307 
Planck Constant, 266 
quantum theory, 265 
Plasmolysis, 487 
Plutonium, 730, 734 
fission of, 731 
pOH, 583 
Poise, 79 
Poiseuille equation, 79 
Poisons, catalytic, 671 
Polar groups, 338 
molecules, 330 
Polarimeter, 325 
polarisation, 330 
Polarisation and voltage, 601 
Positive rays, 255 
Potential, electrode, 547 
standard electrode, 550 
Potential decomposition, 601 
ionisation, 274, 294 
liquid-junction, 562 


Ce 
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streaming, 623 
zeta, 624 
Potential energy curves, 300, 348 
and inter nuclear distance, 300 
Potentiometric measurements, 538 
titration, 556, 600 
Powder method, 128 
Precipitation of sols, 681 
Pre-dissociation, 352 
Pressure, 17 ,23, 217, 375 
corresponding, 46, 59 
critical, 10 
partial, 6, 19 
Pressure and equilibrium, 401 
and solubility ,416 
and kinetic theory, 18, 41 
and b.pt./m.pt., 214 
Primary salt effect, 666 
Principal quantum number, 275 
Probability, 371 
Probability factor, 650 
Promoter, 674 
Protective action on colloids, 688 
Protogenic solvent, 585 
Protein sols, 700 
Proton, 252 
disintegration by, 725, 733 
"transfer, 584 
Protophylic solvent, 585 


Quantum of energy, 266 
Quantum mechanics, 280 
Quantum numbers, 274-80 
Quantum statistics, 383 
Quantum theory, 264 

and heat-capacity, 142 

and spectra, 270 
Quantum yield, 707 
Quinhydrone electrode, 546, 58g 


Radiation, absorption of, 358 
and chemical change, 716 
quantum theory of, 265 
radioactive, 246 

Radioactive decay, 722 
disintegration, 721 
equilibrium, 722 
elements, 254 
isotopes, 254 
rays, 246 
Series, 254 

Radioactivity, 246 
artificial, 723, 725 

Radiocarbon dating, 738 

Radio elements, induced, 726 

Radii, atomic, 136 
ionic, 136 

Raman Spectra, 356 

Ramsay-shield's eqn., .99 

Raoult's law, 440, 477 
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deviations from, 442 

and Henry's law, 440 
Rate of reaction, 628 

and temperature, 645 
Reaction, autocatalytic, 641 

bimolecular, 648 

catalysed, 661-75 

chain, 656 d 

nsecutive, 
endothermic, 168, 403 


equilibrium constant of, 387-95, 398-412 


enzyme, 673 

exothermic, 403 

first order, 631 

heat of, 168 

heterogeneous, 393 

homogeneous, 389 

induced, 671 

isochore, 401 

isotherm, 398 

kinetics, d 

mechanism, 

molecularity of 630 

nuclear, 723-3 
Reaction, opposing, 640, 643 

order of, 629 

photochemical, 705 

psuedo-unimolecular, 633 

rate theories, 653 

rate and eqm. constant, 

reversible, 385, 643 

salt effects on ionic, 666 

side, 640 

surface, 667, 672 

termolecular, 636 

third order, 636 

unimolecular, 631 
Reciprocal ohms, 507 
Redox potential, 549 
Reduced eqn. of state, 46, 51-52 
Reduction at cathode, 605 

tential, 549 

ER ashes of ions, 605 
Reference electrodes, 550-52 
Refraction, molar, 328 
Relaxation effect, 518 
Resonance, 311 

and fluorescence, 716 
Retardation of reactions, 670 
Retroflex solubility, 462 
Reversible cells, 537 

changes, 156 

reactions, 385, 643 

work, 158 Y 
Ritz combination principle, 269 
Rotating crystal method, 129 
Rotating cylinder method, 103 
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- Rotation, magnetic, 327 


optical, 324 
Rotational energy, 342, 380 
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spectra, 342 
Rutherford's atom, 248 
equation, 250 
Rydberg constant, 269, 271 


Salt bridge, 559 
Salt-hydrolysis, 590 
Salt-water systems, phase diagrams of, 455 
458, 461-63 
Salts effects, 666 
Salting out, 701 
Scattering of a-particles, 248 
of light, 693 
Schördinger, wave eqn. of, 283 
Second order reactions, 634 
Sedimentation eqm., 698 
and macromolecules, 699 
potential, 623 
Semiconductors, 135 
Semipermeable membranes, 484 
Sensitisation, -photo, 713 
Side reactions, 640 
Sign of electrode potentials, 548 
~e.m.f., 547-49 
Sigma bonds, 307 
Single electrodes, 537, 544 
potential, 547- 
Smoluchowski eqn., 626 
Sodium chloride, crystal-structure of, 117 
Sols (See colloids) 
Solid state, 107 
Solids, activity of, 393 
entropy of, 223, 225 
heat-capacity of, 140 
Solid--liquid systems, 453 
Solid solutions, 464 
Solid, vapour pressure of, 216, 469 
Solidus curves, 456 
Solibility and activity coefficient, 575 
--determination, 522 572 
Solubility of gas in liquids, 415 
Solubility product, 571-79 
Solute, activity of, 236, 440 
Solutions, 236 
abnormal behaviour of, 493 
association in, 493 
conjugate, 437 
dilute, 476 
dissociation in, 495 
ideal, 440 
‘heat of, 174 
mol. wt. in, 490 
Vapour pressure of, 440 
Solvent, activity of, 236, 440 
as acid-base, 585 
extraction, 421 
Sommerfield theory, 274 
Space lattice, 112 
Spallation, 724 


Specific Conductance, 507 
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of water, 521 
Specific reaction rate. 631, 637 
Spectra, atomic, 268 
band (molecular), 339-47 
of liquids, 357 
predissociation, 352 
Raman, 356 
Spectrophotometry, 357 


Spin quantum number, 277, 287 


Spontaneous processes, 180 
criteria of, 202 
Steady state concept, 644 
Standard cell, 538 
free energy exchange, 399 
hydrogen electrode, 550 
molar entropy, 228 
oxidation potential, 548 
Stationary state concept, 644 
Statistics, chemical, 371 
Statistical methods, 374-82, 408 
Steady state concept, 644 
Steam distillation, 452 
Stellar energy, 733 
Steno's law, 107 
Steric factor, 650 
Stern, 624 
Stoke's law, 102 
Storage cell, 569 
Streaming potential, 623, 627 
Strong electrolytes, 510 
--activity coefficient of, 524 
Sublimation, 433 
Substrate, 662 
and catalyst, 662 . 
Surface area of adsorbents, 619 
films of liquids, 619 
nature of, 672 
Surface energy, 99 
Surface tension, 92-98 
and adsorption, 610 
and parachor, 322 
Suspensions, 691 
Svedberg method, 698 
--unit, 699 
Symmetry in crystals, 109 
Syneresis, 689 


"Temperature, absolute, 4 
and adsorption, 671 
Boyle, 37 
and chemical eqm., 401 
and chemical kinetics, 645, 
correspoding, 46, 59 
critical, 9, 10 
critical solution, 438 
and free energy, 200 
and heat of reaction, 164 
inversion, 210 
and kinétie energy, 14 
low, (production of), 211-13 
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and solubility, 417 

and surface tension, 99 

and viscosity, 83, 104 
Termolecular reactions, 636 
Ternary systems, 471 
Thermal analysis, 453 

conductivity, 83 

diffusion, (isotopes), 260 

dissociation, 390, 411 
Thermochemistry, 168-76 
Thermodynamic probability, 371 
Thermodynamics, 146 

lst law of, 153 

2nd law of, 179 

3rd law of, 224, 377 
Thermodynamic potential, 199 

potential change, 398, 400 
Thermonuclear changes, 732 
Third law, 224, 377 
Third order reactions, 636 
Thixotropy, 689 
Three component systems, 471 
Tie-lines, 437, 467 
Titrations, conductometric, 522 

potentiometric, 556 
Tracer technique, 738 
Transference (Transport) numbers, 501, 513, 

566 

determination, 504 

and hydration of ions, 516 

and liquid junction potentials, 562 
Transition, 223, 435 
Transition state theory, 653 
Translational energy, 378 
Transuranic elements, 733 
Traube (semipermeable membrane), 486 
Triangular representation, 472 
Triple point, 432, 435 
Trouton’s rule, 216 
Turbidity, 700 
Two component systems, 437 
Tyndall effect, 680 


Ultracentrifuge, 698 
Ultra microscope, 681 
Ultraviolet spectra, 269, 340, 355 
Uncertainty principle, 281 
Unimolecular adsorption layers, 613, 669 
films on liquids, 619 
reactions, 650 
Unit cells, 112 
Units, 740 
Uranium, fission of, 730 
series, 254 


Valence, theory of, 296 
of ions, detn. of, 555, 566 
Valence bond method, 304 
Vander Waals’ eqn., 39- 
forces, 134 
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and adsorption, 617 dipole moment of, 338 
. Vant Hoff equation, 398, 402 heavy, 261 

factor, 495 ionic product of, 582 

isochore, 401 ionisation of, 521 

isotherm, 398 pH of, 584 

law, 488 phase equilibria, 431 
Vaporisation, heat of, 214 triple point of, 432 
Vapour density, 72 Water gas equilibrium, 390 

and eqm. constant, 392 Wave equation, 280-85 
Vapour pressure, 88, 477 Wave length of radiations, 340 

constant, 218 of X-rays, 121 

equation, 216 Wave mechanics, 280 

of solutions, 440-48 treatment of H-atom, 286 

and surface tension, 98 Wave number and quantum of 
Vapour pressure lowering, 477 radiations, 269 
Variational principle, 303 Waves and particles, 280 
Velocity constant of reactions, 631 Weak acids and bases, 577 
Velocity of gas molecules, 15, 25, 31 dissociation constants, , 521, 577-580 

of ions, 514 salts of (see hydrolysis) 
Verdet constant, 327 titration of, 523 
Verwey and Overbeck theory, 683, 687 Weak electrolytes, 512, 520 
Vibrational enregy, 381 Wesscheider's test, 640 
Vibration rotation spectra, 344 Werner, Complexes, 297 
Victor Meyer, vap-density detn., 72 Weston standard cell, 538 
Virial theorem, 53 Whole number rule, 262 
Viscosity coefficient, 78, 688, 695 Work and heat, 146, 154, 183 

and mean free path, 81 in diff. processes, 158 
Viscosity and’ conductance, 518 maximum, 159 

.of gases, 78 Work function. 267 

of liquids, 100, 688 

and macromolecules, 695 

and mol. wt. 105 X-rays, 242 

and zeta potential, 684 and atomic number, 251 
Voltaic cells, 536, 558 and crystals, 115 " 
Volume, critical, 11 and diffraction, 115 

molar, 2, 322, 328, 332 wave length-of, 121, 340 
Walden’s rule, 518 Zero order reactions, 669 
Wall effect, 660 Zero point energy, 350 
Water, as acid & base, 585 Zeta potential, 624-27; 683 

conductance of, 521 Zsigmondy, 681 
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